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Abstract
There is a rapidly growing interest in the utilization of cellulosic biomass for the 
production of biofuels and other chemicals. Many cellulolytic organisms have been 
screened and studied so far but despite nearly half a century of study there is still much 
that is not understood about the initial disruption stage in cellulose hydrolysis.
Four cellulolytic fungi, Aspergillus niger, Trichoderma reesei, Myrothecium verrucaria 
and Trichurus spiralis were grown and tested for their ability to degrade cellulose. The 
fungi were grown on defined media in various pH and temperature conditions. Cellulase 
activity, and protein concentration in the culture filtrates were studied for each set of 
growth conditions. Trichoderma reesei was found to have the best ability to degrade 
cellulose. Vogel’s medium with Avicel as carbon source was found to be the best 
medium for cellulase production by T reesei when grown at 30 °C.
Concentrated culture filtrate of T reesei was fractionated by gel filtration (size exclusion) 
chromatography. The fractions were assayed for cellulose (filter paper) disruption. 
Fractions able to disrupt the filter paper as shown by the filter paper disintegration assay 
(FPDA) were pooled together while the rest of the fractions were pooled according to the 
protein profile. All the pools were tested for their ability to disrupt cellulose. The results 
were monitored through SEM imaging and particle size analysis of the degraded 
cellulose.
The pool of fractions from the gel filtration depicting disruption of cellulose was further 
fractionated on Ion exchange chromatography, followed by hydrophobic interaction 
chromatography (HIC). None of the fractions obtained from HIC was positive for the 
FPDA. The fractions were pooled together according to their protein profile. None of the 
individual pools could disrupt Avicel to a comparable level to that of the culture filtrate 
of T. reesei. When the pools were recombined in appropriate proportion to the original 
sample, the disruption activity was restored. The results were confirmed through particle 
size analysis.
To gain an insight into the mechanism and role of cellulose disruption by T. reesei. 
Avicel was pretreated with the culture filtrate of T. reesei for various lengths of time up 
to 24 hours. The particle size decreased with time during the course of the incubation. 
This was called the pre-treatment. Pre-treated cellulose with different particle sizes was 
then washed and incubated with the fresh culture filtrate of T. reesei. Pre-treatment 
increased the liberation of reducing sugars during subsequent incubation of the Avicel 
with the culture filtrate of T. reesei. It was concluded that disruption of cellulose (Avicel) 
during the pre-treatment process opened up attack sites for further hydrolysis. This 
supported the view that T. reesei employs disruption of cellulose as a mean to gain 
accessibility to deeper levels of the substrate. M. verrucaria was unable to attack the 
cellulose disrupted by this pretreatment.
A new technique ‘Esculin Gel Diffusion Assay’ (EGDA) was developed to screen large 
number of samples for P-glucosidase activity. The technique was less laborious and 
many times cheaper than other established assays for P-glucosidase, and showed the 
same level of sensitivity as them.
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Chapter 1
Introduction
1.1 A BRIEF HISTORY OF CELLULOSE UTILIZATION
Grasses and foliage have been the major source of power for transportation since dawn of the civilization as they fuelled horses. At the dawn of the new 
millennium, it is still seen as a potential fuel source (Bhat, 2000; Lynd et al, 2002; 
Sanderson, 2006). But, it is no longer simply to be regarded as horse fodder! It is 
possible to convert plant materials into biofuels that can be used, for example, to run 
automobiles. Interestingly, as long as the consumption of plants matches their turnover 
there would be no net increase of the greenhouse gas CO2 in the atmosphere (Olsson et 
al, 2004). Fuel ethanol is already being produced by sugars obtained from ‘food crops’ 
but being a source of human food their availability for fuel production is limited. 
Cellulose in plants is a far better alternative (Sanderson, 2006). It is not a human food 
and is abundantly available as plant wastes. Glucose as its sole constituent makes it an 
ideal fuel source. If commercially successful, cars will soon be powered from waste 
materials. The idea that cellulose could be converted into fuels was developed from a 
1944 incident when a fungus caused the fragmentation of uniforms and tents of the US 
troops stationed in the jungles of the South Pacific. Cotton is composed of cellulose, and 
some fungi are able to degrade cellulose into glucose, the raw material for biofuels. 
Waste plant stuff was being seen as a potential energy source (Reese and Mandels, 
1984).
The oil crisis in the 1970s stimulated the search for a reliable and sustainable alternate 
fuel (Wyman, 1999). The concern was further strengthened in the following years by the 
environmental issues concerning the increase in atmospheric CO2 levels (Olsson et al, 
2004). Added to this, deposits of fossil fuels are limited (Cortright et al, 2002). It is 
estimated that the World’s petroleum supply will be exhausted somewhere in the 21st 
century (Glazer & Nikaido, 1998). With our dependency on a finite and volatile energy 
source (petroleum) the mobility of the human race faces an uncertain future. This
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coupled with increased concern about climatic change and CO2 increase in the 
atmosphere has resulted in extensive research worldwide on understanding and utilizing 
the lignocellulosic biomass (Bhat, 2000; Jorgensen et al, 2003). The interest in utilization 
of biomass is rapidly growing. More recently an EU Directive (2003/30/EC) on the 
promotion of the use of biofuels or other renewable fuels for transport has been issued 
which requires its member states to increase the use of biofuels.
1.2 BIOMASS
In the current discussion the term biomass encompasses all plant materials. Current uses 
of biomass include food, fuel, fibres, and building materials, among others. This 
consumption accounts for only a small fraction of the annual global biomass production. 
So, there is much potential for further utilization of biomass. Cellulose-rich waste is 
being generated from the eveiyday use of biomass. This includes wheat straw, com cobs, 
sugar cane baggasse (a fibrous residue left after extraction of the juice), wood chips, 
sawdust, paper, cardboard, and kitchen and garden refuse. Cellulose is the major 
constituent of these wastes (Olsson et al, 2004). Another source of biomass is the dense 
forests. Suppression of natural forest fires has resulted in dense forests that cause more 
damage to soil and mature trees because hotter fires result when they finally bum beyond 
control. So, operations to thin the forests to their natural plant density are planned 
(Wyman, 1999). Recently animal manure has been shown to have a potential for the 
bioconversion, which would help to solve an increasing disposal problem in modem 
world— with 160million tons (dry basis) produced annually in the US alone (Wen et al. 
2004).
The production of biomass can be increased by growing energy crops with better 
composition for easier conversion to utilizable products. Moreover, biomass can also be 
grown on unused land which is otherwise not suitable for cultivation (Greene, 2004).
1.2.1 Composition of the biomass
The major component of biomass and its wastes is lignocellulose which represents over 
90% of the dry weight of the plant cell. It is composed of cellulose, hemicelluloses, and 
lignin. In the cell walls of the vascular tissues of higher land plants, cellulose is
2
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embedded in an amorphous matrix of lignin and hemicelluloses. The average percentage 
distribution of these three largest components in vascular plants is given in Table 1.1.
Table 1.1: Typical composition o f the biomass showing the relative abundance o f  three m ajor constituents, 
i.e., cellulose, hemicellulose and lignin (Glazer & Nikaido, 1998)_________________ _____________________
Source Cellulose (%) Hemicelluloses (%) Lignin (%)
Grasses 25-40 25-50 10-30
Softwoods
(gymnosperms)
45-50 25-35 25-35
Hardwoods
(angiosperms)
45-55 24-40 18-25
Cellulose
Cellulose is the most abundant organic compound on Earth (Halliwell, 1988). It is a 
polymer of glucose units linked together by |3-(l-4)-glycosidic bonds. The consecutive 
glucose units in the polymer are rotated through 180° with respect to the neighbours 
along the axis of the chain. The basic repeating unit is cellobiose which is a dimer of 
glucose. Cellulose chains are held together by hydrogen bonds in largely crystalline 
aggregates known as microfibrils (about 250Â wide). The microfibrils are grouped 
together into larger fibrils. These are then organized in thin layers (lamellae) to form a 
crisscross framework in cell wall as shown in Figure 1.1.
Cell w alls
C ellu lose fibrils in 
plant cell w all (TEM)
■ ù  I nA-.mtL.
b-j-Jr -T;;
«
M icrofibrs!
0.5 um
polymers of beta glucose
,
" =r--
j v C y - f  -  - -  X  C e llu lo se
G lucose m o n o m e r - '
Figure 1.1: Schematic representation o f  the hierarchal arrangement o f  cellulose molecules in plant cell 
wall tissues, (http://academ ic.brooklyn.cuny.edu/biology/bio4fv/page/cellulose-fibres.jpg).
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Plasm a
m e m b ra n e
M u ltila y e re d  
secondary  wall
M idd Ic 
lam e lla
P lasm odesm a
C y to p la sm
P la sm a
m e m b ra n e
Figure 1.2: Organization o f various layers in a 
typical plant cell wall. N ew  layers o f cellulose 
fibrils are deposited adjacent to plasma 
membrane as the cell grows. Cellulose fibrils 
occur in a crisscross fashion in the secondary cell 
wall.
(http://ww \v.ncbi.nlm .nih.gov/books/bv.fcgi?rid=m cb.figgrp.
6595).
M iddle
lamella
Prim ary wall
C e llu lo se  fibrils 
o f  s e c o n d a r y  
w all
Cellulose is the major component of all structural layers in a typical plant cell wall 
(Figure 1.2). Cellulose fibrils have amorphous as well as crystalline regions designated 
according to the degree of order (Figure 1.3). Amorphous regions are without extensive 
inter-chain hydrogen bonding and are more susceptible to hydrolysis while the crystalline 
regions are more tightly packed and more difficult for the enzymes to act on them.
A m orphous
region
Crystalline
region
C ellulose chain 
:  H ydrogen bonding
Figure 1.3: Schematic
representation o f  the cellulose 
structure in the biomass. The native 
cellulose has alternating crystalline 
and am orphous regions.
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Other properties of cellulose include water-insolubility, high tensile strength, and it being 
difficult to be degraded as compared to other glucose polymers such as starch (Glazer & 
Nikaido, 1998).
Hemicelluloses
Hemicelluloses are highly branched heteropolysaccharides. They are very hydrophilic 
and can form gels. Hemicellulose is abundant in primary walls but is also found in 
secondary walls (Figure 1.2). The composition of hemicelluloses varies depending on the 
source. Building blocks for the hemicelluloses include pentoses (D-xylose & L- 
arabinose), hexoses (D-galactose, L-galactose, D-mannose, L-rhamnose, L-fucose), and 
D-glucoronic acid. Their degree of polymerization is up to 200 residues. Hemicelluloses 
non-covalently associate with the cellulose in the biomass (Olsson et al., 2003).
Hemicelluloses mostly have a backbone with other sugars branched from it (Figure 1.3). 
One of the most abundant hemicellulose, xyloglucan, has a backbone of glucose residues. 
Xylose molecules are a-linked to the glucose units. Sugars such as galactose and fucose 
may be further attached to the xylose units (Obembe et al. 2006).
#  Galactose ■  Glucose ® Xylose hx Fucose
Figure 1.4: Schematic representation o f  part o f  a hemicellulose molecule, showing the backbone o f  
glucose molecules in this case. M odified from Obembe et al. (2006).
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Typically, hemicelluloses in softwood are glucomannans, whereas those in hardwoods 
are mainly xylans together with variable percentages of galactose, arabinose, rhamnose 
and methylglucuronic acid units and acetyl groups (Martinez et al., 2005). Xylan is 
thought to be the second most abundant renewable resource on Earth (Kulkami et al., 
1999).
Lignin
Lignin is a strengthening material in all cell walls. It particularly accumulates in primary 
and secondary cell walls (Figure 1.2). The lignification provides mechanical strength so 
that plants can grow up to many meters in height. Lignin is considered the glue holding 
cellulose fibrils together. It also provides plant cell protection against microbial attack 
(Katzen et al, 1999). The building blocks of lignin are different aromatic alcohols, 
proportion of which varies in grass, softwood, and hardwood (Martinez et al., 2005). A 
schematic representation of the part of a lignin molecule is shown in Figure 1.5.
KOCH,— CH— CO
HOCHj-CK— CHO CO
Figure 1.5: Illustration o f  the part o f a lignin molecule (http://3e.plantphys.net/images/chl3/wtl303a.png)
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Lignin interferes with cellulose hydrolysis in the biomass not only by blocking the access 
but also by irreversibly binding to the hydrolytic enzymes (Sun & Cheng, 2002).
Other components o f the biomass
Pectic acid is a polymer of around 100 galacturonic acid molecules. It is mostly found in 
the middle lamella. Another component mostly associated with middle lamella is pectin 
which is a polymer of around 200 galacturonic acid molecules. Many of the carboxyl 
groups are methylated in pectin.
1.3 BENEFITS FROM THE BIOMASS
1.3.1 Potential ethanol from cellulosic biomass
Ethanol, the green fuel, is a potential alternative fuel to petrol. The idea of green fuel is 
getting popularity around the World. Green highways are being built in Canada where 
ethanol (E85) will be sold as a fuel. E85 is a mixture of 85 % (V/V) ethanol and 15 % 
petrol (www.canada.coin). Already, most of the petrol used in Brazil is gasohol which is 
23% ethanol (Marris, 2006). Ethanol is currently widely produced from starch and 
sucrose (Wyman, 1999). Com and sugarcane are the two main crops used for this 
purpose (Katzen et al., 1999).
Cellulosic biomass is more difficult to convert into ethanol than starch or sucrose. 
However, cellulose is available in much greater quantity and thus has much more 
potential. For example in the US, there is enough raw material in the form of agricultural 
and other plant wastes to produce 2.4 billion barrels of cellulosic ethanol a year. This is 
more than half of what is estimated needed to replace the petrol as a fuel. The US plans 
to utilize this potential of the cellulosic biomass in near future and the issue was 
highlighted in the 2006 Presidential State of the Union Address (Sanderson, 2006).
Starch and sucrose sources have limitations to be used as the raw materials for biofuels 
because they are also used as human food and animal feed. (Sun & Cheng, 2002; 
Wyman, 1999). Moreover, cellulosic biomass can be grown in a wider climate and soil 
than starch and sucrose, and it therefore represents a new agricultural opportunity in 
many areas. A small amount of cellulose and hemicellulose is also present in com, 
sugarcane and beets. Therefore, advancement in cellulose conversion technology also
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promises a decrease in the waste from the existing processes. Currently there is no 
commercial scale plant producing fuel ethanol from the lignocellulosics, but the first one 
is forecasted to be operational in the near future (Olsson et al. 2004).
1.3.2 Other benefits of biomass utilization
Utilization of cellulosic biomass also promises production of other useful products. 
Today, most organic chemicals come from petroleum and other fossil resources. Biomass 
is the only sustainable resource in the foreseeable future that can readily be converted 
into a wide range of chemicals (Yu & Zhang, 2003; Wyman, 1999). For example, 
glucose produced from the biomass can be fermented to lactic acid (Rivas et al. 2004), a 
useful precursor for many chemicals. Recently, a new application of lactic acid as a raw 
material of poly-lactic acid, a biodegradable plastic, has been developed (Nakasaki & 
Adachi, 2003). Moreover, agricultural residues may be converted into animal feed 
enriched with microbial biomass and enzymes, and made more digestible. With a better 
understanding of biomass degradation processes may be developed for decomposition of 
post-harvest residues on site by filamentous fungi enabling recyclying to the soil with 
improved biofertilizer properties (Tengerdy & Szakacs, 2003). Recent reports on the 
generation of hydrogen (Woodward at al. 2000) or even electricity from glucose through 
fuel cells (Chaudhuri and Lovley, 2003; Scholz and Schroder, 2003) show an ever 
growing interest in biomass utilization. Although, the technology to carry hydrogen as 
fuel in vehicles may take another fifty years to develop (Midilli et al, 2005).
Whether the ultimate aim is to produce ethanol or other products, the first and the most 
challenging step is the conversion of cellulose and hemicellulose into fermentable sugars. 
As will be discussed later, a development in the efficient enzymatic conversion of 
biomass into sugars will have major impacts on the commercialization of the biofuel and 
other technologies in future. Currently the process of enzymatic conversion of 
lignocellulosics into fermentable material is so uneconomic that there is not a single 
commercial scale plant for this purpose in the World. However, there is growing interest 
in the technology. BP has recently announced setting up a dedicated institute, EBI, either 
in the UK or USA focusing on the utilization of biomass (http://www.bp.com/biofuels).
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1.4 HYDROLYSIS OF THE BIOMASS
The biomass needs to be hydrolyzed first before its constituents could be utilized to make 
ethanol or other beneficial products. The hydrolysis could either be chemical or 
enzymatic. The biomass needs to be chopped down into small pieces before any 
hydrolysis method be applied to it (Wyman, 1999).
1.4.1 Chemical hydrolysis of biomass
The components of biomass can by hydrolyzed into simple sugars by treating it with 
dilute or concentrated acids. The hydrolysis of the biomass with acid has long been 
practiced. The first commercial scale plant using concentrated acid was built in Germany 
in 1937 (Olsson et al. 2004). There are two common approaches used to chemically 
hydrolyze the biomass.
Concentrated acid hydrolysis
The biomass is treated with concentrated HC1, HF or H2 SO4 for a short time (1-2 hours) 
at a mild temperature around 30 °C. It results in 85-90% of the theoretical yield of 
hexoses and pentoses liberated from cellulose and hemicellulose components of the 
biomass.
Concentrated acid is an efficient means to hydrolyze biomass but the cost of recovery of 
the acid after the treatment and the acid itself make it an expensive process. Furthermore 
due to the corrosive nature of the acid it is necessary to use expensive alloys in the 
processing systems. These drawbacks make this process less economical (Olsson et al. 
2004).
Dilute acid hydrolysis
H2SO4 is generally used for this purpose at low concentration (< 1% w/w) and high 
temperatures (180-230 °C). The process is generally complete within minutes. The 
glucose yield is normally less than 60% of the theoretical yield. The pentoses and to a 
lesser extent the hexoses are rapidly degraded at high temperatures. The degradation 
products formed can inhibit the fermentation process in the next stage.
To overcome this problem the dilute acid hydrolysis can be divided into two steps. The 
hemicelluloses are hydrolyzed first at milder conditions using 0.5-1.2% acid at 170-190
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°C. The left over solids are removed and treated with an acid concentration up to 2.5% at 
200-230 °C to hydrolyze the cellulose component. This usually results in up to 60% 
glucose and 90% hemicellulose sugars of the theoretical yield (Olsson et al. 2004). Cost 
of the process is a major element that introduces a significant challenge (Wyman, 1999).
1.4.2 Enzymatic hydrolysis of biomass 
Pretreatment
As different constituent components of the biomass are strongly associated with each 
other, enzymatic hydrolysis may not be possible or may be extremely slow unless they 
are in a form accessible to the enzymes. Pretreatment is a prerequisite for the successful 
enzymatic hydrolysis of biomass on a commercial scale. The purpose of pretreatment is 
to remove lignin and hemicellulose, reduce cellulose crystallinity, and increase the 
porosity and surface area of the material (Tabka, 2006; Mosier et al. 2005; Olsson et al. 
2004). Despite the number of potentially existing pretreatment methods present in 
literature, there is only limited understanding of how these pretreatments enhance 
cellulose hydrolysis in lignocellulosic substrates (Wood & Saddler, 1988). One obvious 
result of pretreatment is the reduction in particle size and an increase in the surface area 
of the biomass (Wyman, 1999).
Various approaches have been used for the purpose of pretreatment. They can broadly be 
categorized as chemical, physical and biological pretreatment. There are advantages and 
disadvantages in each of the pretreatment procedures. For example, chemical 
pretreatments not only result in successful removal of lignin but they also hydrolyze the 
cellulose and hemicellulose components as well (Walsum et al. 1996). On the other hand 
they are corrosive, environmental unfriendly and expensive to apply at a large scale. 
While physical pretreatments have less environmental hazards they present the most 
expensive of the possible alternatives.
Microorganisms such as white-rot fungi can be used to degrade lignin and hemicellulose 
in the waste materials (Ander & Eriksson, 1977). Coarsely milled com stover (maize 
stalks) was treated, in one study, with two white rot fungi, Cyathus stercoreus and 
Phanerochaete chrysosporium. Considerable improvements were noticed in the cellulose 
digestibility and decrease in mechanical strength of the biomass (Keller et al., 2003). The 
advantage of biological pretreatment includes low energy requirement and mild
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environmental conditions. However the rate of hydrolysis in most biological 
pretreatments is slow requiring 2-5 weeks (Wood & Saddler, 1988) and little experience 
has so far been developed with such approaches (Wyman, 1999).
Once the biomass has been pretreated and is in an accessible form to the enzymes, it is 
degraded into simpler compounds by appropriate enzymes. Various sets of enzymes are 
required to degrade each of the different types of the constituents of the biomass.
1.4.2.1 Enzymatic hydrolysis of cellulose
_  Endo- & Exo-glucanases +  B-glucosidases
Cellulose ► Glucose
Three types of enzymes are required to completely degrade cellulose. They include: 
endoglucanases (EG) which cleave internal bonds in the amorphous regions of the 
cellulose chains, cellobiohydrolases (CBH) which act on the ends of the chains liberating 
cellobiose moieties, and finally p-glucosidase which hydrolyses cellobiose to glucose 
(Wilson and Irwin, 1999; Glazer & Nikaido, 1998). Many cellulolytic fungi produce 
more than one kind of each of the enzymes and the ratio of different types of enzymes is 
also variable among different species. For example, in T. reesei the two enzymes, CBHI 
& CBHII, represent 65% and 15% of the total secreted protein respectively, whereas EGs 
represent less than 20% of it (Olsson el al. 2004).
Need of more than one kind of a cellulolytic enzyme produced by an organism can be 
justified on the basis of the fact that consecutive glucose units in cellulose are rotated at 
180°. This may pose different steric configuration of the point of attack for the enzyme. 
So, at least two forms of endo- and exo-glycosidases may be essential. (Goughian & 
Ljungdahl, 1988).
Importance o f  celluloses
Cellulose degrading enzymes (cellulases) have recently been a major focus of research 
due to their commercial importance (Jorgensen et al., 2005; Jorgensen et al., 2004; 
Juhasz et al., 2004; Krogh et al., 2004; Li et al., 2003; Martinez et al., 2005; Nazareth 
and Sampy, 2003; Olsson et al., 2003; Panagiotou et al., 2003; Szijarto et al., 2004;
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Thygesen et al., 2003; Zhou & Ingram, 2000). Cellulases represent a large proportion of 
the industrial enzymes. They have long been used in textile and pulp and paper 
industries. There is also a growing market for their use in biofuel industry (Bhat, 2000). 
Despite extensive research their mechanism of action is still not fully understood (Lynd 
et al., 2002; Olsson et al., 2004). A complete understanding of the mechanism of action 
of cellulases can not only make the industrial processes more efficient, but it may also 
help reduce the cost of some industrial processes, such as production of biofuels (Lynd 
et al., 2002). The cost of enzymes used in the contemporary technologies for the 
production of ethanol from the biomass is $ 0.4-0.6 per gallon of ethanol. It needs to be 
reduced 10 times (to $ 0.07 or less) to make the process economic (Tengerdy & Szakacs,
2003). It is believed that the central technological impediment to more widespread 
utilization of this important resource is the general absence of low-cost technology for 
overcoming the recalcitrance of cellulosic biomass (Lynd et al. 2002). It has long been 
recognized that the most important cost factor in the biomass conversion is cellulolytic 
enzymes (Reese & Mandels, 1984), and the cost of production of cellulases and their low 
yield are still considered the major problem in their industrial applications (Kang et al.
2004).
There is a big market for cellulases apart from the biofuel industry. $100million worth of 
cellulases is estimated to be sold annually to the textile, detergent, animal feed, beverage, 
and pulp and paper industries (Bhat, 2000). Currently no commercial scale plant exists 
for the bioconversion of cellulose to ethanol (Wyman, 1999; Bureau report, 2006: 
http://www.thehindubusinessline.comT The demand for cellulases will increase and a 
constant and adequate supply of the cellulolytic enzymes will be required once the 
commercial scale biofuel plants are operational.
Classification o f  cellulases
Traditionally the cellulolytic enzymes have been classified according to the Enzyme 
Commission (EC) system. They were assigned EC 3.2.1.21 for P-glucosidases, EC
3.2.1.4 for endoglucanases, and EC 3.2.1.91 for exoglucanases. More recently, glycosyl 
hydrolases (EC 3.2.1.-) have been reclassified on the basis of amino acid sequence 
homology. Classifying enzymes on the basis of amino acid sequence has resulted in 
enzymes with different substrate specificity being grouped together in the same family. 
However, the catalytic mechanism of the enzymes in the same family seems to be
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conserved. A complete database of cellulases based on the current classification is kept 
and constantly being updated at http://www.expasv.ch//cgi-bin/lists?glvcosid.txt 
(Ohmiyaetal. 1997).
On the basis of above classification of glycosyl hydrolases, a further classification was 
proposed by Henrissat et al. (1998) for the enzymes hydrolysing the plant cell wall. This 
scheme has obtained widespread acceptance (Rabinovich et al. 2002).
1.4.2.2 Enzymatic hydrolysis of lignin
Although the white rot fungi are the only type of wood rotting fungi which can attack all 
of the components of wood including lignin, no organism is known to grow and live 
solely on lignin (Eriksson, 1988). Different oxidases and peroxidases are involved in the 
complete biodégradation of lignin (Martinez et al., 2005). In general, there are three types 
of lignin degrading enzymes, known as lignin peroxidases, laccases and manganese 
peroxidases (Cullen, 2002; Kirk & Pareil, 1987).
1.4.2.3 Enzymatic hydrolysis of Hemicelluloses
Xylans are the most studied hemicelluloses. Several enzymes, collectively known as 
xylanases, are required for the complete degradation of xylans. Endo-1,4-(3-D-xylanases 
(EC 3.2.1.8) hydrolyse internal bonds in the xylan chains, 1,4-p-D-xylosidases (EC 
3.2.1.37) degrade xylo-oligosaccharides from the non-reducing end and liberate xylose. 
(Kulkami et al., 1999).
4 4 2.4 Cellulose binding domain (CBD)
Most of the cellulases and some hemicellulases contain a cellulose binding domain 
(CBD) also known as cellulose binding module (CBM). CBDs improve the binding of 
the enzyme onto the insoluble substrate and facilitate the hydrolysis by the catalytic 
domain (Linder and Teeri, 1997). Purpose of this module in cellulases is to anchor the 
enzyme onto otherwise insoluble substrate cellulose. CBDs are divided into different 
families on the basis of amino acid sequence similarity. So far 45 families have been 
described (Obembe et al., 2006).
Lignin
Lignin degrading enzymes CO2 + H2O + Aromatic 
acids & aldehydes etc
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The exact role of CBD is not very clear. It has been proposed that it helps the enzymes 
anchor onto the cellulose surface or to promote the release of a single glucan chain from 
the crystalline cellulose. Its binding to the substrate is considered to be irreversible but 
not to hinder the progress of the linked catalytic domain. The mechanism of binding of 
CBDs to cellulose is not very clear (Teeri et al. 1998; Linder and Teeri, 1997).
Some glycosylhydrolases, the enzymes that hydrolyze glycosyl bonds for example the 
bonds between glucose moieties in cellulose, may possess more than one CBDs. This 
may increase the affinity of the enzymes to the substrate. Two of the CBDs belonging to 
the family 29 naturally exist in tandem. The tandem was shown to have much higher 
substrate affinity than the individual modules (Freelove et al., 2001).
Carrard et al. (2000) purified four CBDs from different fungi. The purified CBDs were, 
subsequently, non-covalently attached to an endoglucanase from Clostridium 
thermocellum. The endoglucanase did not contain a cellulose binding domain (CBD) of 
its own. It was hypothesized, therefore, that its efficiency could be lower than if the 
enzyme contained a CBD. It was, in fact, shown that only 85% of the endoglucanase was 
able to bind to cellulose by itself, while the binding was 1 0 0 % when it was associated 
with any of the CBDs.
The type of a CBD was shown to affect the substrate preference and activity of a given 
cellulase. It was shown that replacing the CBD of an endoglucanase with that of another 
cellulase resulted in change of its affinity for the crystalline cellulose (Coutinho et al., 
1993). In another study the affinity of an exoglucanase (CBHI) from T. reesei was 
affected when its CBD was replaced with a CBD from an endoglucanase (EGI) of the 
same fungus (Srisodsuk et al. 1997).
Cellulose-binding domains (CBD) of many cellulases are believed to have a cellulose 
disruption function in addition to their primaiy role in adsorption of the enzymes onto the 
substrate (Xiao et al. 2004; Gao et al. 2001; Teeri et al., 1998; Din et al., 1991). 
Hydrolysis of crystalline cellulose is diminished if these domains are removed from the 
enzymes (Din et al., 1994).
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Linkers
Catalytic and cellulose binding domains in. cellulases are connected through a short 
peptide chain known as the linker. They provide flexibility between the two domains. 
Partial or complete removal of linkers have been shown to affect binding and activity of 
cellulases (Wilson and Irwin, 1999).
1.4.3 Biomass degrading microorganisms
Biodégradation or enzymatic hydrolysis of biomass is a multi-step process requiring 
different enzymes to degrade each of its components. Degradation of cellulose is the 
focus of the current study hence it is discussed in particular here.
Cellulolytic enzymes are mainly produced by fungi and bacteria. Fungi are classified as 
white-rot (e.g., Phanerochaete chrysosporium), brown-rot (e.g., Coniophora puteana), 
and soft-rot (e.g., T. reesei) on the basis of the morphology and colour of the residual 
undegraded material. White rot and brown rot fungi are filamentous fungi that belong to 
the subdivision Basidiomycetes. The white rot fungi preferentially degrade lignin leaving 
cellulose as the main undegraded material. More than 90% of the wood rotting fungi are 
white-rot fungi (Glazer & Nikaido, 1998). Brown rot fimgi preferentially degrade the 
polysaccharide components of the wood but do not interact with lignin, leaving a brown 
friable residue. Soft rot fungi are a major cause of decay in wood that is exposed to 
moisture. They degrade both polysaccharides and lignin leading to softening of the wood.
Most of the hydrolytic enzymes in the culture filtrate of fungi are glycoproteins and exist 
in multiple forms known as isozymes (Coughlan, 1985). The isozymes may only differ 
in the type and number of carbohydrate moieties attached to them. For example, the four 
exocellulases from T. viride are immunologically cross reactive and differ only in the 
contents of neutral carbohydrate moieties covalently attached to them. However, this is 
not always the case. Two cellobiohydrolases from Fusarium lini have different amino 
acid composition (Coughlan, 1985).
Cellulolytic aerobic bacteria produce numerous individual extra-cellular cellulase 
enzymes containing cellulose binding modules. In contrast, anaerobic bacteria produce a 
unique extracellular multi-enzyme complex, called the cellulosome. The cellulolytic 
enzymes in the complex are attached to a non-catalytic scaffolding protein. The purpose
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of the scaffolding protein is to keep the enzyme together so that the end product of one 
enzyme could immediately be available to the next one in the complex. These multi­
enzyme complexes attach themselves to both to the cell envelope and to the substrate, 
mediating the proximity of the cells to the cellulose (Schwaz, 2001).
1.5 Trichoderma reesei: A MODEL CELLULOLYTIC MICROORGANISM
The most effective natural cellulose degrading microorganism is the soft-rot fungus T. 
reesei (Arja, 2004; Foreman et al. 2003; Saloheimo et al. 2002; Kristufek et al. 1995). It 
is one of the most extensively studied cellulolytic organisms (Ilmen et al. 1997). Since 
the pioneering research by its discoverer Elwyn Reese in 1950s the trichodermal 
cellulase system has often been used as a model (Olsson et al. 2004).
“We have had some good time together over the past 30 years with 
Trichoderma reesei. In our experience, it is the best available source of 
extracellular cellulase; and, after a little hands-on experience, most other 
workers have come to agree with us. The parent strain, QM6 a, was isolated 
from a shelter half from Bougainville Island after World War II and was 
originally identified as a Trichoderma viride. In 1977 it was recognized as a 
new species and named Trichoderma reesei by Emoiy Simmons.” (Reese 
and Mandels, 1984).
It is believed to have a full complement of the cellulolytic enzymes needed to breakdown 
the complex lignocellulosic biomass. The genome sequence of this fungus has recently 
been elucidated and published (http://www.genencor.com/wt/gcor/pr 1059584144').
1.5.1 Cellulases of T. reesei
The profile of cellulases produced by T. reesei varies depending on the experimental 
conditions and the substrate used (Schulein, 1988). The production of cellulases by T. 
reesei is suppressed by the presence of readily utilizable carbon sources such as glucose 
(Wilson and Irwin, 1999). Below is a brief introduction to the known cellulase system of 
T. reesei. This is also summarized in Table 1.2.
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Exoglucanases (CBHs)
The exoglucanases account for the 80% of the total cellulase protein produced by T. 
reesei, 60% being CBHI while 20% is CBHII (Teeri, 1997). CBHI attacks the cellulose 
chain preferably from the reducing end while CBHII has a preference for the non­
reducing end. Both exocellulases have a tunnel-like active site due to which the enzyme 
cannot attack the middle regions of the cellulose chain. Cellobiose units are cleaved and 
released from the cellulose chain as it passes through the active site of the enzymes. 
Occasionally, glucose or cellotriose may be released (Lynd et al. 2002).
It has been suggested that the CBHI can hydrolyze its way through the crystals of 
cellulose by breaking (3-1,4 linkage in an endo fashion, i.e., cleaving through the 
cellulose chains (Chanzy et al. 1983).
Table 1.2: Summary o f  the cellulolytic enzymes produced by T. reesei. (Olsson et al. 2004)
Enzyme Family3 CBDb MW(KDa)
Relative production 
(%)
EGI 7 C 48.2 6 - 1 0
EGH 5 N 44.2 1-5
EGHI 1 2 - 25.2 <5
EGIV 61 N 35.5 Not reported
EGV 45 C 24.4 <5
CBHI 7 C 54.1 60-75
CBHII 6 N 49.7 1 0 - 2 0
BGLI 3 - 78.4 1 - 2
BGLH 1 - 52.2 Not reported
a: Family assigned according to the glycosyl hydrolase classification 
b: Showing location o f  the CBD either on C- or N - terminal o f  the protein.
Endoglucanases (EGs)
The fungus produces at least five endoglucanases (EGI, EGII, EGIII, EGIV, and EGV) 
(Lynd et al. 2002). The endoglucanases represent less than 20% of the cellulase protein, 
on a mass basis, secreted by T. reesei. EGI and EGII are the major species in this 
category. The need for five endoglucanases is not very well understood. CBD is thought 
to be not very important for the endoglucanases activity. In fact, EGIII lacks the CBD.
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Most endoglucanases and exoglucanases are inhibited by cellobiose a major product of 
CBHI and CBHII (Lynd et al. 2002).
P-glucosidases (BGLs)
Both BGLI and BGLH have been isolated from the culture filtrate of the T. reesei but 
most of the enzymes remain bound to the cell wall. Proximity of BGL to the cell wall 
helps the end product (glucose) from being depleted into the environment because the 
fungus can absorb it straightaway upon its release, This would make it less likely for the 
other organisms to use the glucose produced before T. reesei absorbs it itself.
T. reesei, however, secretes less P-glucosidases than the other fungi such as Aspergillus 
niger (Lynd et al., 2002). That is why most of the commercial cellulase products are 
supplemented with P-glucosidases from A. niger (Duff et al., 1985). The enzymes are 
inhibited by their end product, glucose. Table 1.2 summarizes the classification, 
properties and the relative abundance of the cellulase enzyme system produced by T. 
reesei.
It is noteworthy, however, that the best complement of the enzymes may vary according 
to the substrate needed to degrade. A commercial preparation of the cellulases from T. 
reesei ‘Celluclast’ was analysed and found to contain two endoglucanases (48 KDa and 
52 KDa) and one exoglucanase, CBHI (molecular weight 65 KDa). As it is known for the 
culture filtrates of T. reesei, Celluclast was low in p-glucosidase. CBHI was found to be 
the major protein of the T. reesei cellulase system. CBHI was found to be highly 
inhibited by the end product, cellobiose. The enzyme was strongly adsorbed onto the 
substrate, cellulose, until it was completely degraded (Schulein, 1988).
1.6 DISRUPTION OF CELLULOSE
Cellulose is composed of tightly packed chains of glucose polymers (Teeri, 1997). It has 
previously been proposed that disruption, or so called fragmentation, may be a step in the 
cellulose degradation. Reese and co-workers were the first ones to propose that 
fragmentation of cellulose could be a step prior to enzymatic attack (Reese et al., 1950). 
They assigned the activity to a hypothetical Ci factor which has never been purified 
(Saloheimo et al. 2002; Din et al. 1994; Hayashida and Mo, 1986). It is still not clear
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which components of the cellulase system are responsible for the disruption of cellulose 
during its enzymatic hydrolysis (Zhang and Lynd, 2004). There have been some studies 
proposing different mechanisms through which the Ci activity is exhibited but ‘at this 
time, it is not clear how cellulases cause fragmentation and why fragmentation has 
different kinetics than reducing sugar production’ (Wilson and Irwin, 1999).
1.6.1 Cellulose fragmentation/disruption factor
In 1960s and 70s Halliwell conducted a series of experiments on the cellulolysis by the 
fungi M. verrucaria and Trichoderma koningii. His results gave the evidence for the 
presence of a factor responsible for cellulose fragmentation. However, he was unable to 
assign the activity to a particular protein or factor (Halliwell, 1961, 1962, 1966; Halliwell 
and Riaz, 1970). Griffin et al. (1984) purified and demonstrated the presence of a 
microfibril generating factor (MFGF) from the commercial cellulase preparation of T. 
reesei. They showed that the factor caused disintegration of the filter paper and acted in 
synergism with other cellulase fractions. It was not a protein and it did not cause release 
of soluble sugars from the filter paper. Iron was required for its action and the factor 
acted in synergism with other cellulase fractions. They also did a follow up study with 
both a commercial cellulase preparation and the lab-grown culture of T. reesei (Krull et 
al., 1988). MFGF was found to be present in both cases. The filter paper was treated with 
the purified MFGF and no difference was observed in the degree of its hydrolysis by the 
commercial cellulase as compared to the non-treated filter paper. It was concluded that 
further studies were required to fully characterize the composition and role of MFGF 
components found in the cellulase complexes.
A protein from the culture filtrate of T. reesei called ‘swollenin’ with an amino acid 
sequence similarity to the plant expansins has recently been shown to exhibit disruption 
activity of cellulosic materials (Saloheimo et al. 2002). a- and p-Expansins are plant 
proteins which disrupt hydrogen bonding between cellulose microfibrils or between 
cellulose and other cell wall compounds without hydrolytic activity (Whitney et al. 2000; 
Wilson and Irwin, 1999). Swollenin was a modular protein with an N-terminal CBD 
linked to an expansin like region. It could swell cotton fibres without producing 
detectable amounts of reducing sugars. Swollenin had a molecular mass of 75 KDa 
(Saloheimo et al. 2002). When compared with CBH 1 and EG II from the same culture 
filtrate of T. reesei, swollenin was less effective in disrupting the cell wall of the algae
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Valonia. A 61 KDa protein has previously been reported to have Ci activity (Selby and 
Maitland, 1967), but the study was carried out on the basis of liberation of reducing 
sugars from cotton fibres and it did not show that the protein was in fact responsible for 
the disruption of cellulose.
A mutant of Humicola grisea produced an endoglucanase which caused rapid 
disintegration of cellulose without the release of reducing sugars. SEM imaging showed 
that it disintegrated Avicel layer by layer yielding thin sections (Coughlan and 
Ljungdahl, 1988).
1.6.2 Disruption by the cellulose binding domain (CBD)
CBDs have been shown to disrupt cellulose. Din et al (1991) showed that using cotton 
fibres as a substrate that both the purified CBD alone and the purified intact enzyme 
could disrupt the surface of crystalline cellulose. However, a hybrid protein made of 
CBD from T. reesei and a catalytic domain from the bacterium Cellulomonas fimi was 
unable to disrupt cellulose (cotton), although the intact enzyme from T. reesei could 
(Tomme et al., 1995).
A DNA fragment encoding the CBD of an endoglucanase from T. reesei was cloned and 
expressed in E. coli by Xiao et al. (2004). The purified CBD was shown to decrease the 
crystallinity of cellulose. It was demonstrated that cellulose fibres were non- 
hydrolytically disrupted by the action of the CBD. Similar results were obtained when 
CBD from an exoglucanase of Pénicillium janthinellum was cloned and expressed in E. 
coli. The purified CBD could bind to cellulose. SEM imaging and X-ray diffraction 
studies showed that cellulose (cotton fibre) was disrupted by it, resulting in the release of 
short fibres (Gao et al. 2001).
Carrard et al. (2000) purified CBDs from four different sources (two from T. reesei CBH; 
one from Cellulomonas fimi exoglucanase, and the cellulose-integrating protein from 
Clostridium thermocellum). The purified CBDs were non-covalently attached to an 
endoglucanase (CelD) from the bacterium C. thermocellum. It was shown that the 
hydrolysis of cellulose was affected by linking a CBD to the CelD. It was implied that 
the CBDs could disrupt cellulose. The extent of physical disruption of cellulose by the 
CBDs was not studied.
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It is interesting to note that certain cellulases that do not have CBDs have been shown to 
be less effective against crystalline cellulose (Rabinovich et al., 2002).
1.6.3 Disruption by the reactive radicals/Fenton’s reaction
Cellulolytic enzymes are considered to be too big to penetrate the plant cell wall barrier 
(Hammel et al., 2002; Xu and Goodell, 2001; Kerem et al., 1999). Reactive oxygen 
species, e.g., hydroxyl radicals, are most likely to be involved in the initial lignocellulose
disruption, at least, by brown rot and white rot fungi. Little is known about how soft rot
fungi initially attacking the wood tissue (Hammel et al., 2002). It has been proposed that 
many white-rot and brown-rot fungi produce metal chelators which mediate the 
production of hydroxyl (HO*) radicals capable of oxidizing and depolymerizing 
lignocellulosic compounds. The chelators have molecular weights low enough (< 1 KDa) 
to penetrate the cell wall. Inside the tissue the highly reactive hydroxyl radical generated 
could initiate the depolymerization of the lignocellulosic material (Goodell et al. 1997). 
For example, one group of such chelators isolated from the brown-rot fungus 
Gleophyllum trabeum is called Gt-chelators. They have high affinity for iron (Fe+3). Gt- 
chelators reduce iron into ferrous (Fe+2) ions which then react with oxidants such as H2O2 
generating reactive oxygen species (ROS) in a Fenton type reaction.
Fe+2 + H2O2 -»• Fe+3 + HO* + HO"
Fe+3 + H2O2 -► Fe+2 + O2 + 2H+
Iron in most biological tissues is sequestered in inert complexes to prevent oxidative 
damage via Fenton chemistry, but wood contains enough free iron to support formation 
of HO* (Hammel et al, 2002). It was later shown that the degree of degradation of the 
wood was affected by altering the ratio and concentration of the Gt chelator and Fe+3 (Xu 
and Goodell, 2001), although the exact nature of the oxidants involved remains unclear 
(Hammel et al., 2002; Kerem at al. 1999). Wang and Gao (2002, 2003) also reported the 
secretion of Gt factor from G. trabeum. The Gt factor required the presence of ferric 
radicals to function and it could reduce the Fe3+ to Fe2+. They believed that the factor 
might be responsible for the initial disruption of cellulose thus making it more accessible 
for further degradation.
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Wang et al. (2003) reported another such factor from the fungus Trichoderma 
pseudokoningii S3 8  which could disrupt cellulose. They named it short fibre generating 
factor (SFGF). These factors could cause non-hydrolytic disruption of filter paper and 
release microfibrils without any detectable reducing sugars produced. The SFGF was 
proposed to take part in the cellulose disruption via a Fenton’s like reaction.
Cohen et al (2002) used 14C labeling to demonstrate that the ROS were being produced 
extracellularly in the culture filtrates of two brown rots, Gleophyllum trabeum and Postia 
placenta. This study provided good evidence that reactive molecules are used by certain 
fungi as a mean to initially degrade the lignocellulosic materials.
Murmanis et al. (1988) reported a comparison of the treatment of sawdust with the cell- 
free culture filtrate from the brown-rot Postia placenta, H20 2 -Fe+2 system and a 
combination of both. Using electron microscopy imaging they noticed wood degradation 
in all three cases. It was not studied though whether there was more degradation in any 
particular case. It was concluded that further chemical and biochemical work was needed 
to clarify the role of enzymatic and non-enzymatic mechanisms in decomposition of 
wood by brown-rot fungi.
1.6.4 Disruption by the action of cellulolytic enzymes
The research on biodégradation of lignocellulose has mostly been focused on studying 
the conventional hydrolytic activities of purified cellulases (Saloheimo et al. 2002). Very 
few studies have dealt with the disruption process of cellulose (Walker et al. 1990). It has 
been shown that both endoglucanases and exoglucanases are also able to disrupt cellulose 
(Stahlberg et al. 1993; Walker et al. 1992; Halliwell and Riaz, 1970) but the activity has 
mostly been associated with endoglucanases (Walker et al 1992). Some researchers 
believe that a mixture of endo- and exo-glucanases is needed for the disruption activity 
(Wood et al. 1989). It is not clear how cellulases cause disruption of cellulose (Wilson 
and Irwin, 1999).
An endoglucanase was isolated and purified from a mutant strain of the thermophilic 
cellulolytic fungus Humicola grisea var. thermoidea. The enzyme rapidly disintegrated 
filter paper with a small amount of reducing sugars liberated. The electrophoretically 
homogeneous endoglucanse (MW 128 KDa) also increased the hydrolysis of
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microcrystalline cellulose when used in conjunction with the cellulase preparation from 
T. reesei. The enzyme was supposed to remove thin sections layer by layer from the 
surface of cellulose although no reducing sugar was detected in the reaction mixture. 
Another endoglucanase (MW 63 KDa) from the same culture filtrate did not show any 
disintegration activity on filter paper and showed less synergism with T. reesei cellulases 
(Hayashida and Mo, 1986). The former endoglucanase was considered by the authors to 
be the long-proposed Ci factor required in the cellulose hydrolysis.
Walker et al. (1992) studied the fragmentation activities of three endoglucanases from 
Thermomonaspora fusca , CBH I from T. reesei and their mixtures. The study showed 
that only two of the three endoglucanases were able to fragment cellulose. CBH I 
exhibited very little fragmentation activity. The results were in line with a previous study 
done using a different monitoring technique (Kyriacou et al., 1987). They noticed an 
increase in the turbidity of the supernatant when cellulose was treated with three of the 
five endoglucanases from T. reesei. Phase contrast microscopy also supported those 
results and showed that exoglucanase (CBH I) was unable to disrupt cellulose to a 
comparable extent.
1.7 AIMS & OBJECTIVES OF THE CURRENT STUDY
The current study specifically addresses the disruption of cellulose during enzymatic 
hydrolysis. It has been a relatively poorly studied and, thus, less understood aspect of 
cellulose hydrolysis (Saloheimo et al. 2002; Wilson and Irwin, 1999; Peters et al. 1991). 
Most studies on the mechanism of enzymatic hydrolysis by cellulases have focused on 
the liberation of reducing sugars from cellulose. Only a few have addressed the 
disruption or fragmentation of the substrate by cellulases (Walker et al. 1990). If well 
understood it may help reduce the cost of the enzymes by improving the hydrolysis 
process (Wilson and Irwin, 1999). Reduction of the cost of enzymes in the enzymatic 
hydrolysis of lignocellulosics is an important issue to be addressed (Walker and Wilson, 
1991). The current study was carried out with the viewpoint that understanding the 
disruption process during enzymatic attack on cellulose could help manipulate it for 
reducing the overall cost of enzymatic hydrolysis of cellulose. Cellulases are big 
enzymes unable to penetrate the substrate unless the substrate is made open for them. 
Disruption of cellulose could be a mechanism to open up more attackable sites in the
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otherwise a very recalcitrant substrate, cellulose. Once the proteins/factors causing the 
disruption are known they can be manipulated such in various ways, such as, optimizing 
their performance by protein engineering (i.e., chemical or genetic modifications); by 
altering their proportion in the hydrolysis mixture and looking at its effect on cellulose 
hydrolysis; or using them separate from the main hydrolysis process.
It has been known that the rate and extent of cellulose hydrolysis are influenced by the 
morphology of the cellulose, especially surface area and crystallinity (Mosier et al. 2005; 
Walker and Wilson, 1991). Increase in surface area and reduction in crystallinity result in 
increased digestibility of the cellulose (Olsson et al. 2004). Cellulose disruption during 
the enzymatic hydrolysis could be a mean to increase the surface area of the substrate. 
Hence, the effect of initial cellulose particle size on its further hydrolysis by enzymes 
was studied.
Crude culture filtrate of T. reesei extensively disrupts cellulose into smaller fragments. 
The evidence of disruption has recently been published (Saqib and Whitney, 2006a). The 
disruption seemed to be distinct from the one caused by the factors discussed above (1.5 
Fragmentation of cellulose) which mostly deal with the cellulose disruption at the initial 
stages of its hydrolysis. It was investigated whether the cellulose disruption during 
enzymatic hydrolysis of cellulose was distinct from the some of the factors discussed in 
Section 1.5.
Most studies report a small molecular weight species responsible for cellulose disruption 
either by Fenton-like reaction or by swelling effect (Wang et al. 2003; Wang and Gao 
2002, 2003; Hammel et al., 2002; Xu and Goodell, 2001; Kerem at al. 1999; Goodell et 
al. 1997). In the current study the low molecular weight substances from the T. reesei 
culture filtrate were removed but the cellulose disruption by certain fractions of the 
fungal culture filtrate was still observed. Moreover, it was noted that no additional Fe3+ 
was needed for this activity. This suggests the action was different to that observed by 
Griffin et al (1984).
Few studies have thrown light on the disruption of cellulose by the cellulolytic enzymes 
as mentioned in section 1.6.4 (Disruption by the action of cellulolytic enzymes). 
Researchers have mostly studied the disruption of cellulose by purified enzymes. This
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sometimes has led to a confusing situation. Walker et al. (1992) wondered about the lack 
of correlation between the extent of disruption and the number of reducing ends 
produced. Similarly, Peters et al. (1991) could not find any correlation between reducing 
end formation and the cellulose disruption. The enzymes used in these studies were more 
likely efficient in disrupting the substrate than hydrolyzing it.
Different techniques have been employed previously in order to monitor the disruption of 
cellulose. They include particle size analysis (Walker et al. 1992; Walker et al. 1990; 
Peter et al. 1991), X-ray diffraction (Gao et al. 2001), turbidity measurements of the 
supernatant (Kyriacou et al. 1987) or the use of electron microscopy (Sprey and Bochem, 
1991 and 1992; Chanzy et al. 1983). A combination of SEM imaging, light microscopy, 
filter paper disintegration and particle size analysis was used in current study to evaluate 
and monitor disruption of cellulose.
The current study was conducted in order to elucidate the complement of 
cellulases/proteins responsible for the ‘para-hydrolysis’ disruption of cellulose by the 
culture filtrate of T. reesei.
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1.8 EXPERIMENTAL DESIGN/THESIS LAYOUT
Results from this study have been presented in different chapters (Chapter 3 to 6 ) each 
of which discusses one aspect of the research, followed by the conclusions of the study 
and future plans given in chapter 7. Additional information and further results are 
provided in the appendices.
The results cover the following aspects of the study:
Chapter 3 deals with the comparison of growth and cellulolytic activities of four 
different fungi, and optimization of various assays used during this study. A new 
technique, esculine gel diffusion assay (EGDA), is described which was developed for 
easy and quick screening of samples for one of the components of cellulolytic system, |3- 
glucosidase. This has resulted in a publication (Saqib and Whitney, 2006 b).
Chapter 4 describes the cellulose disruption by T. reesei. SEM imaging, light 
microscopy, particle size analysis and filter paper disintegration were used as tools to 
monitor and show the physical disruption of cellulose. Some of the results obtained have 
already been published (Saqib and Whitney, 2006 a).
Chapter 5 encompasses the purification of the factors responsible for cellulose 
disruption by the culture filtrate of T. reesei. This chapter reports the use of gel filtration, 
ion exchange chromatography and hydrophobic interaction chromatography (HIC) for 
the purification of proteins. The purification at each step was monitored by SDS-PAGE 
and the cellulose disruption was monitored by SEM imaging, filter paper disintegration 
and particle size analysis. It has been shown that none of the single proteins could disrupt 
cellulose although their mixtures could demonstrating that the ‘para-hydrolysis’ 
disruption of cellulose is achieved by a combination of proteins rather than one single 
one.
Chapter 6  gives the results of the study on the effect of initial particle size on the 
subsequent hydrolysis of cellulose by enzymes from T. reesei and M. verrucaria.
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All chemicals were purchased from Sigma (USA) except as mentioned below or 
elsewhere:
Avicel® (Merck, Germany); Malt Extract Agar (Oxoid Ltd, UK); PDA (Oxoid Ltd, UK); 
Sulphuric Acid 95.5% (Fisher Scientific, UK); Glucose (Fisher Scientific, UK); CMC 
(BDH Chemicals, UK); Purified Agar (Oxoid Ltd, UK); Congo Red (Raymond Lab, 
UK); Sodium Acetate (Fisons Scientific Equipment, UK); Sodium Chloride (BDH 
Chemicals, UK); Sephadex® G-75 (Amersham Pharmacia Biotech, NJ, USA).
2.1 FUNGAL CULTURES
Freeze dried fungal cultures were purchased from CABI, Surrey, UK: Aspergillus niger 
IMI 096215, Trichoderma reesei IMI 192655Ü, and Myrothecium verrucaria IMI 
04554liii. A culture of Trichurus spiralis, isolated from compost by CABI, was kindly 
provided by Dr Frans De Leij.
2.1.1 Activation of the freeze dried fungal cultures
The freeze dried fungal cultures were initially transferred onto Potato Dextrose Agar 
(PDA) plates using the following procedure: seals of the ampoules were cut and the dried 
powder chopped with a sterilized needle and spread over the plates. These plates were 
then placed for incubation at 25 °C. After one week, the three fungal strains from above 
plates were aseptically transferred to Petri plates containing the media recommended by 
the supplier, i.e., potato carrot agar overlaid with a filter paper strip (PCA+FP) for T. 
reesei and potato dextrose agar (PDA) for A. niger and M. verrucaria. The cultures grew 
well and sporulated after one week of incubation on the new plates.
Chapter 2: Materials and Methods
Potato carrot agar (PCA)
PCA is a weak medium suitable for conservation purposes. 10 g grated potato was boiled 
for one hour along with 10 g of grated carrot in about 100 ml RO water. The extract was 
strained through a cotton cloth without squeezing it too tightly leaving the residues 
behind. 10 g agar was added and the volume was made up to 500 ml. The medium was 
then autoclaved. (Plant pathologist’s pocket book, 1968).
2.1.2 Growth of T. spiralis culture
A part of Trichuris hyphae was aseptically removed from the vial containing the 
preserved fungus, and used for inoculation of Malt Extract Agar (MEA) plates. The 
plates were incubated at 25°C. The fungus was also grown on PCA+FP media, but the 
growth was poorer as compared to that on MEA.
2.1.3 Maintenance of the fungal culture
Stock culture was maintained on appropriate media as described above. The fungus was 
regularly sub-cultured every six months to avoid the chances of contamination: Spore 
suspensions were made as described below (2 .2 .1 ) and serially diluted to a concentration 
of 1 spore per ml. One ml of each of the suspensions was then aseptically spread plated 
onto appropriate media in triplicate and incubated at 25 °C until required.
2.2 INOCULUM
2.2.1 Preparation of the spore suspension
Two weeks old cultures were used for the spore suspension preparations. Ten millilitres 
of sterile RO water was pipetted on to the culture plates. The suspension was thoroughly 
mixed with a sterile spreader until an even suspension of spores was obtained. It was 
aseptically transferred to the 10 ml sterile plastic tubes (Sterilin, UK).
2.2.2 Inoculation
Spores in the suspension were counted in a Haemocytometer. A volume of suspension 
containing about 107 spores was used for all subsequent inoculations (Ilmen, et al., 
1997).
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2. 3 MEDIA & GROWTH CONDITIONS
Two basal salt media, i.e., Vogel’s medium and MS medium were used under various 
conditions of pH and temperature for the fungal growth in order to compare the 
production of cellulases. All of the following experiments were performed with 50 ml 
medium in 250 ml Erlenmeyer flasks.
2.3.1 Vogel’s medium 
Recipe for the Vogel’s medium
Vogel’s medium was prepared as described by Vogel (1956) and reproduced by Davis 
and De Serres (1970). The following ingredients were added, in order, to 750 ml RO 
water. Each one was dissolved prior to the addition of the next:
Na3-citrate.5 H20 , 150 g; KH2PO4 , 250 g; NH4NO3 , 100 g; MgS0 4 .7 H2 0 , 10 g; 
CaCl2 .2H20*, 5 g; Biotin Solution (see below), 5 ml; Trace element solution (see below), 
5 ml.
*pre-dissolved in 20 ml H 2 0  and added slowly.
The solution was constantly stirred with a magnetic stirrer during the preparation. The 
volume of the solution was adjusted to 1 L. Chloroform (3 ml) was added as a 
preservative. The solution was stored at room temperature and consumed within six 
months period.
This recipe gave 50 times concentrated (5OX) solution. Single strength (1 X) medium 
was prepared by adding 1 part stock solution to 49 parts RO water. The final pH of the 
medium was 5.90. The medium was autoclaved after the addition of a carbon source 
prior to fungal inoculation as discussed later.
Trace element stock solution
The trace element stock solution was prepared by adding the following ingredients 
successively, with stirring, to 95 ml of RO water:
Citric acid.H20, 5.00 g; ZnS04.7 H20, 5.00 g; Fe(NH4)2(S0 4)2 .6 H2 0 , 1.00 g; CuS04.5 
H20, 0.25 g; MnS04 .H20, 0.05 g; H 3 B O 3 ,  0.05 g; Na2Mo04 .2H20, 0.05 g.
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The final volume was adjusted to 100 ml. Chloroform (1 ml) was added as a preservative 
and the solution was stored at room temperature.
Biotin stock solution
This was prepared by dissolving 5 mg of biotin in 100 ml of 50 % (v/v) ethanol and was 
stored at 4 °C. The biotin solution was made fresh as the recommended shelf life for this 
stock solution is up to 6  month.
2.3.1.1 Fungal growth on the Vogel’s medium supplemented with Avicel
Vogel’s medium containing either 1.0 % Avicel or 1.0 % glucose as the sole carbon 
source was used as the growth medium for the four fungi. Flasks containing the medium 
were autoclaved and then aseptically inoculated with the spores of the fungi as described 
in 2.2. Controls in each case were prepared by using the same volume of sterile RO water 
as that of the inoculums’, instead of a spore suspension. The cultures were grown in 
triplicate at 25, 30 & 37 °C at 150 rpm for 10 days. At the end of the incubation the 
mycelia were separated by filtration through Whatman glass microfibre filter (GF/C) 
(Whatman, USA). The clear filtrates were then sterilized by filtering them through 0.45 
pm Minisart® filters (Sartorius, Germany). Protein concentration and total cellulase 
activity of the filtrates were then measured by Bradford assay (described in section 2.4.1) 
and Avicelase assay (section 2.4.4), respectively.
2.3.1.2 Fungal growth on the Vogel’s medium supplemented with wheat straw
An appropriate amount of wheat straw was ground to a fine powder and used as the sole 
carbon source in the Vogel’s medium. All the steps were essentially performed same as 
described in section 2.3.3 except that 1.0 % (w/v) wheat straw was used instead of 
Avicel.
2.3.2 Murashige and Skoog (MS) medium
Murashige and Skoog medium (Murashige and Skoog, 1962) was also used for 
comparison of the results obtained from Vogel’s medium. Ten times concentrated (10X) 
MS medium was purchased from Sigma (USA). 10X MS medium was diluted to IX in 
three different buffers as mentioned below. The medium was autoclaved in each case 
after the addition of a carbon source.
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2.3.2.1 Dilution of 10X MS medium in buffers of different pH
(a) Dilution in pH 4.6 buffer
50 mM Na-acetate buffer pH 4.6 was prepared as follows (Burtis and Ashwood, 1994):
Solution A: 0.2 M acetic acid (CHgCOOH) was prepared by diluting 11.5 ml reagent 
grade glacial acetic acid to a volume of 1.01 using RO water.
Solution B: 0.2 M sodium acetate (CHgCOONa) was prepared by dissolving 16.4 g of 
the compound in 1.0 1 RO water.
Mixing solutions A and B at a 52:48 ratio respectively resulted in 0.1 M acetic acid-Na- 
acetate buffer pH 4.6. 500 ml of the buffer was diluted in RO water to 1.0 litre to make 
50 mM buffer pH 4.6.
100 milliliters of 10X concentrated MS medium was diluted in 50 mM Na-acetate buffer 
to 1.0 litre. The resulting solution was IX MS medium in 45 mM buffer. The pH was 
adjusted to 4.60.
(b) Dilution in pH 5.5 buffer
0.2 M Na-acetate buffer pH 5.5 was prepared by mixing solutions A and B (section 
2.3.4.1) at a 14:86 ratio respectively (Burtis and Ashwood, 1994). 250 ml of the buffer 
was diluted in RO water to 1.0 litre to make a 50 mM buffer.
100 ml of 10X MS medium was diluted to 1.0 litre in 50 mM buffer. The resulting 
solution was IX MS medium in 45 mM buffer. The pH was adjusted to 5.50.
(c) Dilution in pH 6.5 buffer
Phosphate buffers are used in the pH range of 5.3 to 8.0. 50 mM phosphate buffer pH 6.5 
was prepared by mixing together 150.0 ml of 0.1 M Na^HPO^ and 350.0 ml of 0.1 M 
K H 2 P O 4 ,  and diluting it in RO water to 1.0 litre (Burtis and Ashwood, 1994).
100 ml of 10X MS medium was diluted to 1.0 litre in 50 mM buffer. The final solution 
was IX MS medium in 45 mM buffer. The pH was adjusted to 6.53.
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2.3.2.2 Fungal growth in MS medium
1.0 % (w/v) Avicel was added to the 50 ml of Ix MS medium in Erlenmeyer flasks in 
triplicate for each of the three different pHs (4.6, 5.5, and 6.5) in order to find out a 
suitable pH for cellulase production. The flasks containing the media were autoclaved 
and then aseptically inoculated with the spores of the four fungi. The control in each case 
was prepared by using 1ml of sterile RO water instead of a spore suspension. The 
cultures were grown in triplicate each at 25, 30 & 37 °C at 150 rpm for ten days. At the 
end of the incubation the mycelia were separated by filtration through Whatman glass 
microfibre filter (GF/C). Protein concentration and total cellulase activity were measured 
in the culture filtrates by Bradford assay and Avicelase assay, respectively, as described 
below.
2.4 ASSAYS
2.4.1 Protein estimation
The protein estimation in all the samples was carried out with Coomassie Blue, as 
described by Simpson (2003). The reagents were prepared as follows:
Bradford Stock Solution was prepared by dissolving 350mg of Coomassie Blue G250 in 
100ml of 95% ethanol. The resulting solution was mixed with 200ml of concentrated 
phosphoric acid.
Bradford Working Buffer was prepared by mixed 425 ml RO water, 15 ml 95% Ethanol, 
30 ml concentrated phosphoric acid, and 30 ml of Bradford Stock Solution. The solution 
was filtered through Whatman No. 1 filter paper and stored in an amber bottle at room 
temperature.
2.4.1.1 The assay for protein estimation
100 pi of the sample was mixed with 1.0 ml of the Bradford working buffer solution at 
room temperature. The mixture was left for five minutes to let the reaction complete. 
Absorbance was then measured at 620 nm.
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Standard Curve for protein estimation
lOmg Bovine Serum Albumin (BSA) was dissolved in 10ml RO water (1 mg/ml). An 
appropriate amount of this solution was poured into 1.5 ml eppendorf tubes to make 
lOOpl of BSA solution containing 5p-100 pg of the protein. The volume was made up 
with RO water. One hundred pi of RO water instead of the protein solution was used as 
blank. 1ml of the Bradford working reagent was added to each eppendorf tube. The tubes 
were incubated at room temperature for about 5 minutes and absorbance was measured at 
620 nm on Pharmacia Biotech Novaspec II spectrophotometer.
All subsequent protein estimations were conducted by mixing 100 pi sample with 1ml 
Bradford working buffer. Absorbance readings were measured at 620 nm after 5 minutes 
incubation at room temperature.
2.4.2 Reducing sugar estimation
The reducing sugars were estimated with DNS as described by Wood & Bhat (1988). 
The DNS reagent preparation and the assay is given below.
2.4.2.1 Preparation of the DNS reagent
DNS reagent was prepared by dissolving 10g of dinitrosalicylic acid (DNS) in 200 ml of 
2 N NaOH and pouring it into a solution of 300g sodium potassium tartrate in 500 ml 
(RO) water. The solution was heated to dissolve the reagents and the volume was made 
up to 1.0 L with (RO) water.
2.4.2.2 Assay for the reducing sugars
Reducing sugars were assayed in a solution according to the following method adopted 
from Wood and Bhat (1988). To 1 ml of the sample in test tube, 3 ml of the DNS reagent 
was added. The tubes were placed in boiling water bath for 5 minutes, transferred to ice 
to rapidly cool and then brought to room temperature by placing in a water bath at 25 °C. 
The absorbance of the resulting colour was measured at 540 nm, using a Pharmacia 
Biotech Novaspec II spectrophotometer.
Standard curve for reducing sugars
Cellobiose as standard: 49.976 mg/100ml (i.e., 1.46 pmole/ml) cellobiose (FW = 342.3) 
solution was prepared in RO water. A range of 0 to 100 pi of the solution was poured into
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test tubes in triplicate. The volume in each tube was made up to 1 ml with RO water. 
Three ml DNS reagent was added to each test tube and placed in boiling water for 5min, 
then cooled in ice and brought to room temperature by placing in a water bath. The 
absorbance was then measured at 550 nm.
Glucose as standard: The protocol was essentially the same as for the cellobiose assay 
described above, except that 263.034 mg/1000 ml (i.e., 1.46 pmole/ml) glucose (FW = 
180.16) was used as stock solution.
For validation of the assay, standard curves of other sugars were also constructed. These 
were the disaccharides lactose and maltose, and the monosaccharides galactose and 
fructose.
2.4.3 Total sugar estimation
Total sugar was estimated with the phenol sulphuric acid assay (Dubois et al. 1956; 
Wood and Bhat, 1988).
The assay protocol
1 . 0  ml of the sample solutions and 1 . 0  ml of the reagent grade phenol (80%) were mixed 
in 1.5 X 20 cm test tubes. Five ml of the concentrated H2 SO4 was rapidly added to the 
test tubes. The tubes were left at room temperature for 10 minutes and then vortexed. The 
tubes were brought to 25 °C by placing them in a water bath. Absorbance was then 
measured at 490 nm afterward.
Standard curve for total sugar estimation
Three sugars, namely glucose, cellobiose & CMC were used to prepare solutions of 
various concentrations (0, 10, 25, 50, 75, 100 & 150 pg/ml) for each of them. Then 0.5 
ml of phenol was pipetted directly on to 2 . 0  ml of the sugar solutions in marked test 
tubes. Subsequently 5 ml of H 2 S O 4  was added (direct stream onto the solution) and tubes 
were left for 10min. After which the tubes were shaken using a vortex mixer and then 
placed in water bath at 25-30 °C for 10 to 20 minutes. Absorbance was measured at 
490nm ( A 4 9 0 ) .  All tests were performed in triplicate and the mean values were used to 
construct the standard curve.
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2.4.4 Cellulose (Avicelase) assay (Wood and Bhat, 1988)
Avicelase assay was based on the liberation of reducing sugars from the Avicel upon its 
treatment with the cellulases. 0.5% (w/v) Avicel was used as a substrate in 50 mM 
Acetate buffer pH 5 containing 0.01% sodium azide (as an antimicrobial agent). The 
substrate and the enzyme samples to be assayed were mixed in a 1 : 1  ratio in 2 0  ml 
Universal bottles and incubated at 37 °C with caps screwed on, for 24 hours unless 
otherwise mentioned, without shaking. At the end of incubation the reducing sugars 
liberated were measured with DNS assay described above (2.4.2.2).
The residual cellulose (Avicel) was used in certain experiments as samples for SEM in 
order to look at cellulose disruption taken place during the course of incubation.
The unit o f  enzyme activity
One unit of the enzyme activity is defined as the amount of enzyme needed to liberate 
one micromole of glucose equivalent reducing sugar from the substrate per minute 
(Petrova et al. 2006).
Avicelase assay at otherpHs
All procedures were essentially the same as described above in section 2.4.4 except that 
acetate buffer pH 5 was replaced with 50 mM acetate buffer pH 4.6, 45 mM acetate 
buffer pH 5.5 and 45 mM phosphate buffer pH 6.5. The buffers were prepared as 
described in section 2.3.2 .1 .
2.4.5 DNS assay for endoglucanase (CMCase) activity (Wood and Bhat 1988)
The method is based on the detection of reducing ends in the solution by DNS. 
Endoglucanases cut the carboxymethyl-cellulose (CMC) chains at random positions 
generating reducing ends. The assay measures the reducing ends with the help of DNS.
100 pi of the enzyme sample along with 900 pi of 1% (w/v) CMC in 50 mM acetate 
buffer pH 4.8 was incubated, in a water bath at 40 °C without shaking, for 30 min. The 
reducing ends liberated were then measured with DNS as described above (2.4.2.2).
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Unit o f  CMCase activity
One unit of endoglucanase (CMCase) activity is defined as the amount of enzyme needed 
to release one micromole of glucose equivalent from the substrate per minute (Petrova et 
al. 2006; Pages et al, 1997).
2.4.6 Gel diffusion assay for CMCase activity
A gel diffusion assay to screen for CMCase activity was modified from Wood et al. 
(1988). The CMC-gel was prepared by mixing and autoclaving 0.5% CMC and 2.0% 
Agar. The gel was prepared both in buffer (20mM Na-Acetate buffer pH 5.0) and RO 
water. The gel was poured either into Petri plates or bigger plastic dishes depending on 
the number of samples to be tested. Small wells were made in the gels and 75pl sample 
was loaded in each of the wells. The plates were sealed with PVC tape to avoid 
evaporation from the enzyme solution and the gel itself. After incubation at 37°C for 15 
hours, the gels were rinsed with tap water to remove the enzymes (and buffer), and then 
submerged in 0.1% Congo Red solution for half an hour. The dyed gel was washed with 
2-3 rinses of 1 M NaCl, and finally, de-stained with 1 M NaCl for 15min. The Congo red 
was retained by undegraded CMC but was released by the hydrolysed CMC leaving clear 
zones around the wells containing cellulase. A standard curve was constructed of the 
zone diameter against concentration of commercial cellulase.
2.4.7 PNPG assay for p-Glucosidase activity (Wood & Bhat 1988)
5mM P-Nitrophenyl- (3-D-glucoside (pNPG) stock solution was prepared in 0.1M Na- 
acetate buffer pH 4.8. One ml of the stock solution was diluted by the addition of 1.8 ml 
of the same buffer. 2 0 0  microlitres of the enzyme sample was added to it in a 2 0  ml test 
tube to give it a final volume of 3 ml. The mixture was gently mixed and incubated at 50 
°C for 30 minutes. Then 4 ml of the 0.4 M glycine-NaOH buffer pH 10.8 was added to 
stop the reaction. The absorbance of the released /?-nitrophenol was measured at 430nm.
Standard cuiye for the fi-glucosidase assay: A standard curve was constructed for the 
estimation of P-glucosidase using 0.1 pM to 0.75 pM pNPG.
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2.4.7.1 Unit of p-glucosidase activity
One unit of the P-glucosidase activity is defined as the amount of enzyme needed to 
release one micromole of glucose equivalent from the substrate per minute under the 
reaction conditions (Parry et al. 2001).
2.4.8 Esculin gel diffusion assay (EGDA) for p-glucosidases
100 ml of 4% agar (Oxoid, UK) in 0.2 M Na-acetate buffer pH 5 was autoclaved and 
kept at 50 °C. 100 ml of 0.2 % Esculin and 6  ml of 1% FeCb were freshly prepared and 
heated up to 50 °C in the water bath. All the reagents were mixed and immediately 
poured into a 23 cm x 23 cm plastic assay plate. The gel was allowed to solidify and 
wells of 0.6cm diameter were made at appropriate distances from each other. 75 pi of the 
sample was poured into each well, and the plates were sealed with adhesive tape to stop 
excessive evaporation and placed at 37 °C for incubation for 5 hours. After the 
incubation period, the plates were placed on ice to slow both diffusion and further 
enzymic activity. This step ensured stabilization of the otherwise slowly expanding 
zones. Zone diameters were measured with Mitutoyo® dial callipers.
Glucose inhibition o f p-glucosidase
EGDA was used to demonstrate inhibition of p-glucosidase by glucose. EGDA gel was 
essentially prepared as described above in section 2.4.8 except that the buffer (0.2 M Na- 
acetate buffer pH 5) contained 0 M, 0.02 M, 0.04 M, 0.20 M and 1.0 M glucose in 
separate cases. EGDA plates with five different concentrations of glucose were made by 
using each of these buffers, p-glucosidase samples containing the same amount of protein 
were loaded into the wells and plates were incubated as described in section 2.4.8.
2.4.9 pNPC assay for exo-cellulase activity (Deshpande et al. 1988)
The 2ml reaction mixture was composed of 1.8ml of a 1 mg/ml solution of P- 
Nitrophenyl- P-D-cellobioside (pNPC) in 50mM Na-acetate buffer pH 5 containing 
0.5mg/ml of D-gluconolactone, and 0.2ml of the enzyme solution. The mixture was 
incubated at 50 °C for 30 minutes. The mixture was then divided into two 1 ml fractions. 
One ml of 2% NaaCOg was added to one fraction and the absorbance was measured at 
410 nm. The other fraction (1ml) was immediately placed in a boiling water bath for 5 
minutes to stop the enzyme reaction. Then, the concentration of the glucose released was 
measured on HPEAC as described in the following section 2.6.4.
37
Chapter 2: Materials and Methods
Unit o f  exoglucanase activity
One unit of exoglucanase activity was defined as the amount of enzyme needed to release 
one micromole of glucose equivalent from the substrate per minute (Petrova et al. 2006).
2.4.10 Filter paper disintegration assay (FPDA)
Whatman No. 1 filter paper was punched with an office paper punching machine to 
prepare 6  mm circular discs. One disc per sample was put in a 500 pi centrifuge tube 
along with 2 0 0  microlitres of the sample to be tested for the filter paper 
disintegration/disruption activity. The centrifuge tubes were then incubated overnight at 
37 °C without shaking. Following incubation the tubes were individually vortexed for 5 
seconds each. Complete breakdown of the filter paper resulting into a milky suspension 
was considered as positive.
2.4.11 Filter paper disintegration experiment
Filter paper disintegration experiment was different from FPDA described above. This 
single experiment was conducted to demonstrate the ability of the culture filtrate of T. 
reesei to disrupt cellulose. Sterile 2.0 cm2 discs of Whatman no. 1 FP in 20 ml Universal 
bottles were aseptically incubated either in 5.0 ml 0.05M acetate buffer, pH 5.0, and 5.0 
ml T. reesei culture filtrates, or 5.0 ml of the buffer plus 5.0 ml of water for 8  days at 20 
°C while shaking at 200 rpm. Culture filtrate was filter sterilized through a 0.20 micron 
filter while the buffer was autoclaved. The samples were visually assessed at the end of 
the incubation period. A complete disintegration of the filter paper into a milky 
suspension was used as an indication for the ability of the sample to disrupt cellulose. 
The samples were classified as negative if the filter paper was not completely shredded 
into a milky suspension.
2.5 SCANNING ELECTRON MICROSCOPY (SEM)
Scanning electron microscopy (SEM) was carried out on a Hitachi S-4000 field emission 
SEM system.
Sample preparation: Cellulose (Avicel) was treated with appropriate cellulase samples 
as described in section 2.4.4. The residual cellulose after the enzymic treatment was 
washed with RO water. The washing procedure was carried out as follows: any cellulase
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supernatant was aseptically removed using a sterile plastic pipette. The residual cellulose 
was re-suspended in 10 ml sterile RO water and gently mixed. The supernatant was 
removed through suction and the washing cycle repeated two more times. At the end of 
final cycle, the residual cellulose was applied in the form of a dilute suspension in RO 
water onto the carbon discs fixed at the top of SEM stubs. The sample was then allowed 
to dry in a desiccator.
Gold coating
The dried samples were gold-coated in an Emitech K575X sputter coater. This system 
was used to create a uniform coating on the surface of the specimen which inhibited 
charging and reduced thermal damage to the specimen during observation under SEM.
Observation with SEM
Gold-coated samples were introduced into the electron chamber of SEM which was 
operated at 5 kV unless otherwise mentioned. The observations were made at 500X 
magnification.
2.6 LIQUID CHROMATOGRAPHY (LC)
Biologic Duoflow® system (Bio-Rad) was used for all of the chromatography 
experiments except high pressure anion exchange chromatography (HPAEC) (section 
2.6.4). All the samples were filtered through 0.45 pm Minisart® filters (Sartorius, 
Germany) prior to application onto the system. All the buffers were filter through a 0.45 
pm cellulose nitrate filters (Sartorius, Germany) and subsequently degassed under 
vacuum.
2.6.1 Gel filtration chromatography 
Column preparation
Biogel P I00 gel (Bio-Rad, UK) was used for the column bed in gel filtration 
experiments. The gel was supplied in a dried powder form. It swells to 12 ml/g upon 
soaking. For a 300 ml column, 30 g of the dried gel was soaked in the elution buffer (20 
mM Na-acetate filtered and degassed buffer pH 5). The gel was let to swell and settle 
down. It would take up to 12 hours at 20 °C for Biogel P-100 to set. The supernatant was 
then gently decanted to remove the fins. The suspension was degassed. It was then re­
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suspended and decanted 3-4 times to remove as much fins as possible. Vigorous shaking 
was avoided. The column was filled with 10 ml of the elution buffer and the gel 
suspension was poured gently into it keeping the column slightly tilted. The column was 
then attached to the chromatography system and 2-3 volumes of the elution buffer was 
run through the column at 0.25 ml/min to equilibrate it.
Sample preparation and loading
One litre culture filtrate of T. reesei was freeze dried as described in section 2.9.1 and the 
volume of the sample was made up with RO water to 40 ml (25 X concentrated). Five ml 
of the 25 X culture filtrate containing 15 mg protein was loaded onto the column through 
the static loop.
Elution
The mobile phase was 0.01 M acetate buffer, pH 5.0, containing 0.01% sodium azide as 
antimicrobial agent. The flow rate was 0.25 ml per minute. Four ml fractions were 
collected. All the fractions collected were screened for CMCase, p-glucosidase and filter 
paper disintegration activities.
Pooling o f fractions
The peaks were pooled up according to their ability to disintegrate filter paper according 
to the FPDA, or their protein concentration, in order to further fractionate the pool on the 
next chromatography step. Each pool was dialysed against 5 litre RO with two changes 
of the water over a period of five to six hours. The pools were then tested for their ability 
to disrupt cellulose. Cellulose disruption experiments were carried out as described in 
section 2.4.4. Disruption of cellulose was evaluated through particle size analysis and 
SEM imaging.
The pool of fractions responsible for disruption of cellulose was then dialysed at 4 °C 
against 20mM Tris-HCl buffer pH 7 for 6  hours to equilibrate it to the same molar 
concentration as the ion exchange column.
A series of gel filtration runs were conducted to obtain 50 mg of protein from the 
fractions disrupting the cellulose. The dialysed pool was loaded onto ion exchange 
chromatography column for further separation of proteins.
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2.6.2 Ion Exchange Chromatography (IEC)
Column packing
Macro-Prep® High Q (anion exchange) support (Bio-Rad, UK) comes as a suspension in 
20% (v/v) ethanol. The alcohol was decanted and the media was re-suspended in 100 ml 
of the packing buffer (20mM Tris-HCl buffer pH 7.5). The matrix was allowed to 
equilibrate for 30 minutes. pH was adjusted to 7.5 with HC1. When the pH became 
stable, the buffer was decanted and the media was washed in the same buffer for 3 more 
times. Finally the media was suspended in 50 ml of the degassed packing buffer (20mM 
Tris-HCl buffer pH 7.5) and whirled gently. The column was filled with 5 ml of the 
packing buffer, and the media suspension was poured into the column keeping it slightly 
tilted. The media was let to settle down in the column. More media was added until the 
desired height of the bed was achieved. The column was then connected to the 
chromatography system.
Conditioning o f the column
The column was washed with five column volumes (100 ml) of filtered and degassed 
MilliQ water, at a flow rate of 2 ml/min. It was then run with five column volumes (i.e., 
100 ml) of 20 mM Tris-HCl buffer pH 7.5 at a flow rate of 2 ml/min, followed by five 
column volumes (100 ml) of 1M NaCl (58.5 g per litre) in 20 mM Tris-HCl buffer pH
7.5 (filtered and degassed) at a flow rate of 2 ml/min. This step was performed to remove 
any previously bound moieties. The column was finally regenerated by running five 
column volumes of 20 mM Tris-HCl buffer pH 7.5 at a flow rate of 2 ml/min.
Sample loading
The recommended maximum protein loading for the MonoQ media was 200mg. Samples 
containing 50 mg proteins were loaded onto the column. The dialysed samples from the 
previous step were filtered through a 0.2 micron filter. They were then mixed in a 1:1 
ratio with the filtered 40 mM Tris-HCl buffer to give them the same molar strength as 
that of the starting elution buffer. The samples were uploaded directly by suction through 
one of the built-in pumps. The pump was purged afterwards
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Elution
Step elution was carried out with a gradient of 0 %, 10 %, 20 % and 100 % buffer B. The 
following elution buffers were used:
Buffer ‘A’ = filtered and degassed 20 mM Tris-HCl buffer pH 7.5 (as described above) 
Buffer ‘B’ = filtered and degassed 1M NaCl in 20 mM Tris-HCl buffer pH 7.5 (as 
described above)
The elution was carried out for 180 minutes at 2 ml/min flow rate. Four ml fractions were 
collected during the entire run. The elution time was 16 min per fraction. Each fraction 
was tested for disruption of cellulose through FPDA assay. The fractions were pooled 
according to their ability to disintegrate filter paper, or on the basis of protein 
concentration in case of FPDA negative fractions. Each pool was dialysed against 5 1 RO 
with two changes of the water over a period of 5-6 hours. The pools were then tested for 
their ability to disrupt cellulose. Cellulose disruption experiments were carried out as 
described in section 2.4.4. Disruption of cellulose was evaluated through particle size 
analysis and SEM imaging.
The pool disrupting the cellulose was further fractionated on the hydrophobic interaction 
chromatography (HIC) system.
Regeneration o f the column
After each run, the MonoQ column was washed with five column volumes (100 ml) of 
1.0 M NaCl at a flow rate of 2.0 ml/min to remove any reversibly bound materials. The 
column was then re-equilibrated with (the starting buffer) five column volumes ( 1 0 0  ml) 
of 20 mM Tris-HCl buffer pH 7.5 at a flow rate of 2 ml/min.
2.6.3 Hydrophobic Interaction Chromatography (HIC)
Column packing
The Macro-Prep® methyl HIC (hydrophobic support) media comes as a suspension in 
20% (v/v) ethanol. The alcohol was decanted and the media re-suspended in the 100 ml 
of the filtered and degassed packing buffer (20 mM Na-acetate pH 5 containing 1.0 M 
( N H O a  S O 4 ) .  The matrix was allowed to equilibrate for 30 minutes. The column was
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filled with 5 ml of the packing buffer and the media was poured into the column keeping 
it slightly slanting. The media was let to settle down in the column. More media was 
added until the desired height of the bed was achieved. The column was then connected 
to the chromatography system.
Column equilibration
Higher salt concentrations were used to enhance hydrophobic interactions. Five column 
volumes (100 ml) 1.0 M (N H ^ S O 4  in 20 mM Na-acetate pH 5 was run through the 
column at a flow rate of 2 ml/min. The column was then ready for sample loading.
Sample preparation and loading
The samples were adjusted to the same salt concentration as the equilibrating buffer (1.0 
M (NFLOa SO4). To achieve this, the samples were mixed in a 1:1 ratio with filtered and 
degassed 2.0 M (N H ^ SO4 . The sample was then loaded onto the column by direct 
suction through one of the built-in pumps. The pump used was purged at the end of the 
loading.
Elution
Step elution was carried out with a gradient of 100 %, 50 % and 0 % buffer B. The 
following elution buffers were used:
Buffer 4 A’ = filtered and degassed 20 mM Na-acetate pH 5
Buffer ‘B’ = filtered and degassed 1.0 M (N H ^ S O 4  in 20 mM Na-acetate pH 5
Buffer ‘A’ was prepared by diluting 0.2 M Na-acetate buffer pH 5 to 1/10 strength. The 
Na-acetate buffer was made as follows:
Solution A = 11.5 ml of the reagent grade glacial acetic acid was diluted to 1.0 L (0.2 
mol/L)
Solution B = 0.2 M Na-acetate, made by dissolving 16.4 g in 1 1 of RO water.
30 ml of the solution A was mixed with 70 ml of the solution B to give rise to the 0.2 M 
Na-acetate buffer pH 5.
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Column regeneration
The column was washed after each run with 5 column volumes (100 ml) of the low ionic 
strength buffer (20 mM Na-acetate pH 5) followed by 5 column volumes of water. The 
column was then equilibrated as described above.
2.6.4 High Pressure Anion Exchange Chromatography (HPAEC)
HPAEC was used to isolate and quantify reducing sugars (glucose, cellobiose, 
cellotriose, & cellotetrose) from the mixture. Dionex DX100 HPLC system, fitted with 
PA 100 Carbopack® ion-exchange column and an ED40 amperometric detector was used 
for the chromatography. Samples were injected through a 25 pi loop, and eluted at a flow 
rate of 1 ml/min using 150 mM NaOH as the mobile phase.
Standard chromatogram fo r HPAEC
Standards for the reducing sugars were run on HPAEC column at a concentration of 0.1 
pg/ml glucose and cellobiose, and 10 pg/ml cellobiose & cellotetrose. The sugars were 
eluted with 150 mM NaOH at a flow rate of 1 ml/min.
Liberation o f reducing sugars from Avicel by the commercial cellulase 
An HPAEC column was used to analyse the reducing sugars librated from Avicel after 
treatment with commercial cellulase. 1 ml of 1 mg/ml commercial cellulase solution was 
incubated with 9 ml of 0.1 M Acetate buffer containing 0.5% Avicel, pH 5.6, at 37 °C on 
a shaker at 125 rpm, for 10 days. At the end of the incubation the reducing sugars 
liberated into the supernatant were monitored on the Dionex HPAEC system.
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2.7 POLYACRYLAMIDE GEL ELECTROPHORESIS (PAGE)
SDS-PAGE was done as described by Simpson (2003) with a slight modification in the 
resolving gel concentration. The following protocol was followed:
2.7.1 Reagent preparation for SDS-PAGE
(a) Tank buffer (10X)
The ten times concentrated (10X) tank buffer contained 6.05 % (w/v) Tris, 4.13 % (w/v) 
Glycine, and 1.0 % (w/v) SDS which had already been dissolved in RO water. The buffer 
was autoclaved and stored at room temperature.
(b) Resolving gel buffer (4X)
Four times (4X) concentrate of resolving gel buffer was prepared by dissolving 18.17 g 
(1.5 M) Tris in 80 ml RO water. The pH was adjusted to 8 . 8  with conc. HC1, and 0.4 g 
(0.4 %) SDS was added to it. The volume was made up to 100 ml. The buffer was 
autoclaved and stored at room temperature.
(c) Stacking gel buffer (4X)
Four times (4X) concentrate stacking gel buffer was made by dissolving 6.05 g (0.5 M) 
Tris in 80 ml RO water. The pH was adjusted to 6 . 8  with conc. HC1, and 0.4 g (0.4 %) 
SDS was added to it. The volume was made up to 100 ml. The buffer was autoclaved and 
stored at room temperature.
(d) HzO-saturated n-butanol
Water-saturated n-butanol was prepared by mixing together RO water and n-butanol in 
the ratio of 1:1. The mixture was shaken vigorously and kept on a shelf.
(e) Sample buffer (2X)
The following reagents were mixed together to prepare the 2X concentrate sample buffer:
4X Stacking gel buffer 2.0 ml
Glycerol 1.6 ml
10% (w/v) SDS 3.2 ml
(3-mercaptoethanol 0.8 ml
1% (w/v) bromophenol blue 0.4 ml
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(e) Stain
90 ml methanoliHzO (1:1 v/v) were mixed with 10 ml glacial acetic acid. 0.25g 
Coomassie Brilliant Blue R250 was dissolved in it and filtered through Whatman No. 1 
filter paper. The stain was kept at room temperature.
(f) Destain
The destaining solution was a mixture of 30 % (v/v) methanol and 10 % (v/v) glacial 
acetic acid in RO water.
2.7.2 Gel sandwich preparation
10% Resolving gel solution was prepared by mixing together 3 ml of 30 % Acrylamide 
solution (Bio-Rad), 3.5 ml of the resolving gel buffer and 3.5 ml of RO water. 10 pi of 
Tetramethylethylenediamine (TEMED) was added to it and thoroughly mixed by 
repeated inversions. Then 100 pi of freshly prepared 10% (w/v) ammonium persulfate 
(APS) was added and mixed again. The solution was immediately poured onto the gel 
cassette. It was overlaid by a thin layer of HzO-saturated n-butanol. A third layer of 
hydration water was visible when the gel had set. After the gel was set, water and n- 
butanol layers were decanted and the gel-top was rinsed with RO water.
Stacking gel solution was prepared by mixing together 1 ml of 30 % Acrylamide solution 
(Bio-Rad), 1.5 ml of the stacking gel buffer, and 3.5 ml of RO water. 6  pi of TEMED 
was added and mixed, followed by 60 pi of 10% (w/v) APS. The comb was inserted and 
the gel was left to set.
2.8 PARTICLE SIZE ANALYSIS
Mastersizer S (Malvern Instruments Ltd, UK) was used to measure the size distribution 
of cellulose particles. A dry samples were evenly dispersed in RO water by placing it in a 
sonicator in a 50 ml beaker for 5 minutes. The sample was directly poured into the mixer 
making sure that the density of the suspension was within the working limits of the 
instrument. Frequency of occurrence of different-sized particles in a sample was 
calculated by the system and results were presented in the form of a distribution curve. 
All experiments were performed in triplicate.
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2.9 MASS PRODUCTION OF THE T. reesei CULTURE FILTRATE
100 ml of 1 X Vogel’s medium containing 1% Avicel was aseptically inoculated with T. 
reesei spores as described in 2.2. The flasks were incubated at 30 °C at 150 rpm for 10 
days. After the incubation period, the mycelia were removed by filtration through 
Whatman glass microfibre filter (GF/C). The culture filtrate was freeze dried and re­
suspended in an appropriate volume of 0.01 M acetate buffer, pH 5.0. The concentrated 
culture filtrate was sterilized by filtration through a Nalgene syrtec syringe filter (0.22 
micron). The filtrate was stored at 4 °C until used.
2.9.1 Freeze drying
Freeze drying was carried out on an Edwards (BOC Ltd, Sussex, UK) vacuum freeze 
drying unit. The samples were frozen down to -80 °C in plastic culture flasks (Sterlin, 
UK). The freeze drying was carried out at -40 °C under vacuum.
2.10 PRETREATMENT
Pretreatment of cellulose (Avicel) was performed by treating it with the culture filtrate of 
T. reesei for various lengths of times. 1.0 % (w/v) cellulose powder (Avicel) suspension 
was prepared in 50 mM acetate buffer pH 5.0 containing 0.01 % sodium azide (as an 
antimicrobial agent). Five ml of the cellulose suspension was mixed with 5 ml of the 
fresh T. reesei culture filtrate. The mixtures were then incubated at 37°C, without 
shaking, for 1, 3, 5, 7, 10 or 24 hrs. At the end of each incubation, the suspension was 
centrifuged at 3500 rpm for 5 min, re-suspended in 10 ml sterile reverse osmosis (RO) 
water and centrifuged again at 3500 rpm for 5 min. The supernatant was carefully 
discarded, and the residues were kept refrigerated until all of the incubations were 
complete. All the residues were then autoclaved at 15 psi and 121°C for 15 min to 
denature any proteins still attached to the cellulose. Untreated Avicel received the same 
treatment.
2.11 STATISTICAL ANALYSES
The statistical analyses were performed using GraphPad Instat®. T-test was used when 
comparing two means, while the analysis of variance (ANOVA) was performed to 
compare more than two means.
47
Chapter 2: Materials and Methods
In order to show the variation within a set of replicas in an experiment, the standard 
deviation of the mean was used to calculate the error bars for the graphs, using the. 
‘custom’ option in Excel.
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Optimization of fungal growth and analytical procedures
3.1 SUMMARY
Four known cellulolytic fungi, Trichoderma reesei, Aspergillus niger, Myrothecium 
verrucaria and Trichurus spiralis were grown on two different growth media, namely 
Vogel’s medium and MS medium, over a range of pHs and temperatures. The media 
were supplemented with either Avicel or glucose as the sole carbon source. Avicel and 
glucose were chosen to represent both insoluble and soluble carbon sources respectively. 
In addition, ground wheat straw as a representative of natural cellulosic material was also 
used as the sole Carbon source in the Vogel’s medium. Specific activities were measured 
upon cultivation of each culture filtrate to measure their cellulolytic efficiency under the 
various culture conditions applied.
A range of assays used during the course of this study were optimised and a new 
technique was developed for screening of P-glucosidase activity. The new assay was 
based on the ability of p-glucosidases to split esculin (6,7-dihydroxycoumarin- P-D- 
glucose) into glucose and esculetin (6,7-dihydroxycoumarin). Release of esculetin, thus 
proving the presence of p-glucosidase activity, was monitored by the appearance of 
brown-black colour in an iron-containing medium.
3.2 INTRODUCTION
Many fungi, among other organisms, are capable of degrading cellulose. Some are more efficient than the others. Variation in their behaviour towards cellulose 
may be the result of different strategies employed by the different fungi to attack 
cellulose. This could be the result of different enzyme complements produced by the 
different fungi. Three type of enzymes are known to make a basic cellulase system. They 
include endoglucanases (CMCases), exoglucanases and p-glucosidases (Olsson et al.,
2004). These enzymes are produced in different proportions by different fungi. The
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enzymes produced by one fungus may vary in their affinity and activity towards the 
substrate compared to those produced by the other fungi (Zhang and Lynd, 2004). 
Understanding the cellulase systems of various fungi is the key to our better 
understanding and thus manipulation of the cellulase enzymes for more efficient 
cellulose hydrolysis..
The three types of the major cellulase enzymes have been the focus of research over the 
past years resulting in overlooking the other factors involved in the enzymatic hydrolysis 
of cellulose. Recently, researchers have started looking at other proteins and components 
which may play an important part in the overall hydrolysis of cellulose. Some fungi have 
recently been shown to produce auxiliary proteins, such as swollenin and Gt factor, 
which assist in cellulose degradation (Saloheimo et al. 2002; Wang and Gao 2002, 2003). 
Moreover, some oxidative enzymes may also be part of a complete cellulose system. 
Enzymatic degradation of cotton by culture filtrates of T. reesei and M. verrucaria was 
halved when the reactions were carried out in a nitrogen environment instead of air 
(Goughian and Ljungdahl, 1988). These studies open up the need to explore various 
cellulolytic systems in more detail in order to get a better insight into them. Certain 
cellulolytic systems which are efficient in hydrolysing cellulose may contain yet to be 
explored factors. Once found they will help us get a more complete picture of the 
enzymatic hydrolysis of cellulose.
The current study was conducted to compare the cellulase activity of four known 
cellulolytic fungi in order to select and thus further investigate the cellulase system of the 
best producer of the cellulase activity.
RESULTS AND DISCUSSION 
3.3 ASSAYS
Having an adequate array of assay procedures is a pre-requisite to setting up a good 
purification scheme for enzymes and proteins. Measuring protein content and monitoring 
enzyme activity was an integral part of this study. The following section deals with 
various assays deployed during the course of this work.
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3.3.1 Protein estimation
Various protein estimation techniques include UV absorption (Aitken and Learmonth,
2002), biuret method (Lovrien and Matulis, 1995), Lowry method (Lowry et al, 1951), 
Bicinchoninic acid (BCA) method (Smith et al. 1985) and Bradford method (Simpson,
2003). The Bradford method is a widely used assay for routine protein estimation 
(Simpson, 2003). The method is sensitive to levels of 25 to 200 pg/ml protein (Ahmed,
2005). It has been extensively used by researchers in the field of cellulose utilization 
(Jorgensen at al., 2005; Olsson et al. 2003; Siddiqui et al. 2000; Siddiqui et al. 1997) thus 
results from different studies can easily be compared (Simpson, 2003). Bradford assay 
was, therefore, used to estimate protein concentrations during this study.
Principle o f Bradford assay
Coomassie Blue dye present in Bradford reagent binds to proteins in the presence of 
phosphoric acid. The dye-protein complex produces a blue colour which can be detected 
and measured at 620 nm using a spectrophotometer (Simpson, 2003).
Standard curve for protein estimation
Different proteins may respond differently to the Bradford assay. Hence it is 
recommended that a protein closely related to the one being assayed is selected to act as a 
standard. However, the results within a study can easily be compared if only one 
reference protein is used during the entire study (Simpson, 2003). Most of the researchers 
commonly employ bovine serum albumen (BSA) as a standard (Li et al., 2003; Siddiqui 
et al. 2000), hence BSA was used as standard during the current study. The standard 
curve constructed based on the concentration of BSA in a solution is shown in Figure 
3.5.
Figure 3.1
Standard curve for protein estimation 
based on the reaction between 
Bradford’s reagent and bovine serum 
albumin (BSA). The samples were 
incubated at room temperature for 5 
minutes before the absorbance was 
measured at 620 nm. The bars represent 
standard deviation o f  the means based 
on three sets o f  replicas for each data 
point.
y -0 .0409x  + 0.0411
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3.3.2 Endoglucanase assays 
CMCase assay
Various assays can be found in the literature to detect and measure the CMCase 
(endoglucanase) activity of a sample. These include DNS assay based on detection of 
reducing groups (Wood and Bhat, 1988), gel diffusion assay based on retention of Congo 
Red dye by Carboxymethyl cellulose (Kluepfel, 1988) and viscometery assay based on 
decrease in degree of polymerization of carboxymethyl cellulose (Eriksson and 
Pettersson, 1988). Among these, the DNS assay is a widely used one (Liming and 
Xueliang, 2004; Decker et al. 2003; Irwin et al. 2003; Siddiqui et al. 2000) and is also 
recommended by the International Union of Pure and Applied Chemistry (IUPAC) 
(Chose, 1987). Gel diffusion assays are a quick and easy way of screening a large 
number of samples (Wood et al., 1988). In this study we used both the gel diffusion assay 
and DNS assay for screening purposes and quantification, respectively.
DNS assay
Endoglucanases hydrolyse internal p-l,4-glucosidic bonds in cellulose chains releasing 
more reducing ends (Olsson et al, 2004). The extent of reducing ends produced can be 
monitored by their reaction with 3,5-dinitrosalicylic acid (DNS) (Chose, 1987; Miller, 
1959). Reducing sugars react with DNS converting it into 3-amino-5-nitro-salicylic acid 
(ANS). ANS is converted to a dark brown coloured compound upon heating, that can be 
monitored at 540 nm (Hostettler et al. 1951) (Figure 3.6). The assay is not sensitive 
below 6 6  pg glucose per millilitre of the sample volume (Wood and Bhat, 1988).
Figure3.2: Standard curve for reducing 
sugar estimation based on reaction between 
glucose and DNS. Standards containing 0 to 
1.5 pmole per ml glucose were treated with 
the DNS reagent and the absorbance was 
measured at 540 nm. The bars represent 
standard deviation o f the means based on 
three sets o f  replicas for each data point.
G lucose c oncen tra tion  (pm ol p e r  ml)
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Gel diffusion assay
The gel diffusion assay procedure was found to be a reliable, cheaper and less laborious 
for screening large number o f samples for the endoglucanase activity than the DNS 
assay. A typical screening assay carried out on the fractions obtained after gel filtration 
chromatography o f the culture filtrate o f T. reesei is shown in Figure 3.7. The clear zones 
start to appear with few hours o f incubation, but an overnight incubation was found to be 
the optimum time period during which most of the positive samples would have formed 
clear zones. The clear zones started to appear after 2-3 hours of incubation although the 
assay was run for 15 hours in order to make sure all the enzyme activities have been 
detected. The results of gel diffusion assay were similar to those obtained through the 
DNS assay for the same sample o f fractions (Figure3.8).
Figure3.3
Gel diffusion assay conducted on fractions 21 to 120 after gel 
filtration chromatography o f  the culture filtrate o f  T. reesei 
grown on V ogel’s medium supplemented w ith 1.0 %  Avicel at 
30 °C at 150 rpm. The wells were loaded with 75 pi o f  the 
samples followed by an incubation at 37 °C for 15h.
Figure 3.4
Endoglucanase (CM Case) activity profile as 
determined through the DNS assay o f  the 
first 120 fractions after gel filtration 
chromatography o f  the culture filtrate o f  T. 
reesei grown on V ogel’s medium 
supplemented w ith 1.0 %  Avicel at 30 °C at 
150 rpm.
F ra c tio n  n u m b e r
3.3.3 p-glucosidase assays
pNPG (Para-nitro-phenyl-fi-D-glucoside) assay
The most widely used assay for the measuring the P-glucosidase activity is the pNPG 
assay. This assay is based on the release of para-nitro phenol (pNP) from pNPG by the
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action of p-glucosidase. pNP is a yellowish compound which can be detected 
spectrophotometerically at 430 nm (Wood and Bhat, 1988).
Standard curve for (i-glucosidase activity
The pNPG assay measures the glucose equivalents liberated as a result of enzymatic 
hydrolysis. The number of moles of pNP released from pNPG equals the number of 
moles of glucose released. Hence the measure of the strength of pNP in the medium 
gives the strength of glucose in pNPG assay. A standard curve was constructed for the P- 
glucosidase using pNP as standard (Figure 3.9).
Figure 3.5
Standard curve for f-glucosidase based on the 
release o f  ^ -nitro-phenol (pNP) from /7-nitro- 
phenol-glucoside (pNPG) by the action o f  the 
enzyme. The absorbance was measured at 430 
nm using a spectrophotometer. The bars 
represent standard deviation o f  the means 
based on three sets o f  replicas for each data 
point.
Esculin gel diffusion assay (EGDA) fo r p-glucosidase
The IUPAC recommended assay for P-glucosidase activity is based on measuring the 
glucose released from cellobiose, by the action of the enzyme. But, the high cost of the 
glucose oxidase kit used in this assay makes it unfeasible to screen large number of 
samples for the p-glucosidase activity. A simple and low cost assay EGDA was, 
therefore, developed to screen any number of samples for p-glucosidase activity.
Esculin (6,7-dihydroxycoumarin- p-D-glucose) has been known to be a substrate for p- 
glucosidases. p-glucosidases split esculin into glucose and esculetin (6,7- 
dihydroxycoumarin). Release of esculetin can be monitored by the appearance of brown- 
black colour in the presence of iron in the medium (Edberg et al. 1985). Results from a 
typical screening assay carried out on the first 90 fractions after gel filtration 
chromatography of the culture filtrate of T. reesei is shown in Figure 3.10.
I
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Figure 3.6 51
Result o f  the EGDA perform ed on the first 90 61
fractions obtained from gel filtration o f  the culture 71
filtrate o f  T. reesei grown on V ogel’s medium s i g*
supplemented w ith 1.0 %  Avicel at 30 °C at 150 rpm.
The numbers represent the wells corresponding to the 
fractions.
The technique had comparable sensitivity to that of the conventional pNPG assay 
(FigureS. 11). In fact a minor species o f p-glucosidase was noticed around fraction 71 
which was not detected through the traditional pNPG assay (Figure 3.10). T. reesei is 
known to produce two kinds of p-glucosidase (Olsson et al., 2004).
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Figure 3.7: Result o f  the pNPG assay (A )  and EGDA ( • )  to detect p-glucosidase perform ed on the first 
72 fractions obtained from gel filtration o f  the culture filtrate o f T. reesei grown on V ogel’s medium 
supplemented w ith 1.0 %  Avicel at 30 °C at 150 rpm.
This assay is many times cheaper than the other assays (Table 3.7). Although the assay 
was mainly developed for screening purposes but it can also be used for quantification of
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the enzyme in a sample. A standard curve can be constructed by accurately measuring the 
zone diameters (Figure 3.12).
Table 3.1: Comparison o f  the cost associated with various assays for the detection o f P-glucosidase 
activity. The calculation is based on the main constituents shown in parentheses, and does not include other 
chemicals and accessories.
Assay Cost per 100 samples in GBP
Glucose assay kit (GAGO20, Sigma) £150.00
pNPG assay (N7006, Sigma) £5.00
EGDA (E8250, Sigma) £0.10*
*The cost w ill be £0.40 to £0.70 i f  agar is also taken into account (depending on the make o f  the agar).
EGDA can be used for enzyme inhibition studies. Previously, gel diffusion assays have 
been used to demonstrate end product inhibition of endoglucanases by glucose and 
cellobiose (Wood et al., 1988). The inhibition of p-glucosidase by its end-product, 
glucose, can also be demonstrated by the gel diffusion assay, EGDA (Figure 3.9). The 
enzyme from T. reesei was completely inhibited at 0.5 M glucose concentration while 
other samples still retained some activity, showing a low tolerance of the trichodermal 
enzymes towards glucose (Lynd et al., 2002).
y=1.1568x+0.9807
0.30 0.1 0.4 0.5 0.6 0.7 0.8
B eta glucosidase (IU)
Figure 3.8: Standard curve for the p-glucosidase activity on the esculin gel diffusion assay (EGDA) 
system. The zone diameters were measured immediately after the incubation for 5 hours at 37 °C. The bars 
represent standard deviation o f  the means based on three sets o f  replicas for each data point.
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Figure 3.9: Use o f  EGDA to demonstrate the inhibition o f 
P-glucosidases from (well No. 1) commercial source 
(Sigma, USA), (well No. 2) culture filtrate o f  T. reesei and 
(well No. 3) culture filtrate o f  Myrothecium verrucaria by 
(clockwise from top) 0 M, 0.05 M, 0.01 M, 0.1 M and 0.5 
M glucose, (well No. 4: control).
3.4.4 Exoglucanase assays
There is no specific assay to exclusively measure exoglucanase activity because 
endoglucanases also possess some exoglucanase activity (Reese et al., 1950; Divne et al., 
1994). Deshpande et al. (1984) described a way to estimate the exact exoglucanase 
activity based on exclusion of other enzyme activities but it has certain limitations such 
as prior purification of endoglucanase component. Hence the procedure is not suitable for 
large scale screening experiments (Deshpande et al., 1984).
Two commonly used assays to monitor exoglucanase activity are the pNPC and the 
HPLC assay. They both were used in the current study to monitor the exoglucanase 
activity in samples.
pNPC assay for exoglucanases
The pNPC assay is based on the cleavage of the substrate para-nitro phenol cellobiose 
(pNPC). The enzyme cleaves off cellobiose units from the pNPC molecules leaving 
behind a coloured product (pNP) which can be monitored spectrophotometerically at 540 
nm.
HPLC assay to monitor exoglucanase activity
Another way to monitor exoglucanase activity is measuring the amount of glucose and 
cellobiose released from cellulose by exoglucanase activity (Medve et al., 1998). Glucose 
oligomers up to the degree of polymerization of 6 are water soluble (Zhang and Lynd, 
2004; Wilson and Irwin, 1999). Commercial glucose, cellobiose and cellotriose were 
successfully separated from a solution and eluted on the Dionex HPAEC system (Figure 
3.14).
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High-performance anion exchange chromatography (HPAEC)
CarboPac PA-100 (Dionex) can be used to separate mono-, oligo-, and polysaccharides. 
The column was packed with a resin called MicroBead™. It produced very reliable and 
accurate results. The elution time was depended on the concentration of sodium 
hydroxide used. Hence it was important to carry on all comparative work at the same 
concentration of NaOH (150 mM).
Pulsed amperometry was used in the detector attached to the chromatography system. A 
small amount of current is generated when a sugar molecule reacts with the surface of a 
gold electrode. This forms the basis for a signal output. The output is recorded on an 
attached computer fwww.dionex.co.ukl.
The area under the curve on the chromatogram was directly proportional to the 
concentration of sugar in the solution loaded. PeakNet® software calculates the area 
under the curve using arbitrary units. This was used to estimate glucose and cellobiose 
concentrations (Figure 3.15 and 3.16).
Figure 3.10
Elution profile o f  standard sugars glucose (G), 
cellobiose (Cb) and Cellotriose (Ct) on Dionex  
HPEAC system. The sugars were eluted at 2.1 
(G), 5.0 (Cb) and 12.2 (Ct) min.
1000-j Standard sugars
G Cb Ct
_ d L  ImV aJ U A  ------------- /V.
10 15 20
Minutes
Figure 3.11
Standard curve for the estimation o f  glucose 
concentration based on area under the curve 
calculated by the PeakNet® software on Dionex  
HPEAC system. The bars represent standard 
deviation o f the means based on three sets o f 
replicas for each data point.
I
I
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y=1.1255x+0.4014
Cellobiose concentration (ftg/ml)
Figure 3.12: Standard curve for the estimation o f  cellobiose concentration based on area under the curve 
calculated by the PeakNet® software on Dionex HPEAC system. The bars represent standard deviation o f  
the means based on three sets o f  replicas for each data point.
3.3.5 Total sugar estimation
Phenol sulphuric acid assay is a widely used method for the estimation of total sugar. 
Phenol in the presence of sulphuric acid can be used for the colorimetric determination of 
sugars (Dubois et al., 1956). In the current study this method was used in conjunction 
with the DNS assay for reducing sugars and Dionex HPAEC to get a clearer picture of 
the quantity and nature of sugars present in a solution.
Different sugars may produce different intensity of colour in phenol sulphuric acid assay 
(Dubois, 1956), but having one standard curve such as the one with glucose (Figure 3.17) 
allows the results from various sugars be compared against one standard (Wood and 
Bhat, 1988).
Figure 3.13
Standard curve for total sugar estimation based on the 
phenol-sulphuric acid reaction with glucose. A  range o f  
glucose concentrations (0 to 150 pg/ml) were used as 
standard. Upon completion o f  the reaction, the 
absorbance at 490 nm was measured using a 
spectrophotometer. The bars represent standard 
deviation o f  the means based on three sets o f  replicas 
for each data point.
j :
Glue esc 0»g)
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3.4 FUNGAL GROWTH
Cellulolytic fungi, in general, grow more rapidly in acidic media (Bennet et al. 2002). 
For example, T. reesei has been cultured for cellulase production in the pH range 4.5 to
5.6 at temperatures ranging from 28 °C to 30 °C (Krogh et al., 2004; Szijarto et al., 
2004; Olsson et al., 2003; Ortega et al., 2001; Kyriacou et al., 1987). Depending on the 
carbon source T. reesei can have different pH optima for cellulase production, and 
researchers have used a wide range of initial pH (pH 3 to 6) to grow the fungus (Juhasz et 
al., 2004). M. verrucaria has been grown at pH 6 at 28 °C for the production of 
hydrolytic enzymes (Moreira et al., 2005). Similarly, pH 4.5 to 5 was shown to be the 
optimal for the growth of A. niger to produce cellulases (Prasertsan et al., 1997; Siddiqui 
et al., 1996).
Two growth media, Vogel’s medium and Murashige and Skoog medium (MS medium), 
with a range of acidic pH (4.6 to 6.5) were used during the current study.
3.4.1 Growth in Vogel’s medium
Vogel’s medium (Vogel, 1956) is a widely used medium for fungal growth to produce 
cellulases (Oliveira et al.., 2006; Foreman et al., 2003; Metzenberg, 2003; Rashid and 
Siddiqui, 1998; Sethi et al., 1998; Kyriacou et al., 1987; Yu et al., 1985; Davis and De 
Serres, 1970). The pH of the medium is 5.9 which is recommended not to be adjusted 
(Metzenberg, 2003). In fact, T. reesei has been shown to produce comparatively better 
cellulase activity in non-buffered media than in buffered media (Juhasz et al., 2004). 
Hence the following experiments were carried out in media where the pH was not 
adjusted.
Vogel’s medium supplemented with insoluble carbon source (Avicel)
Enzymatic hydrolysis of lignocellulosic material is hindered by the crystalline nature of 
cellulose which is insoluble in water (Olsson et al., 2004). Avicel is a commercial 
cellulose preparation which has both the properties of natural cellulose i.e., crystallinity 
and insolubility. It is simpler in structure than the natural substrates in terms of lack of 
associated substances such as lignin and hemicellulose. Therefore, it has largely been 
used as the sole carbon source by the researchers in this field (Tribak et al., 2002; Ortega 
et al., 2001; Coughlan and Ljungdahl, 1988). Ortega et al. (2001) reported an interesting 
fact that cellulases induced in the presence of a particular substrate were able to
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hydrolyse it more efficiently if the substrate concentration was similar to that used in the 
medium used to induce of the enzymes.
The protein profile and enzyme activities of the culture filtrates after 10 days of growth 
on Vogel’s medium supplemented with Avicel are given in Table 3.1.
The culture filtrate of T. reesei showed the highest level of Avicelase activity among the 
four fungi (ANOVA: pO.OOOl). Avicelase refers to the overall ability of a sample to 
release reducing sugars from cellulose (Avicel). It does not refer to any individual 
component of the cellulolytic system. T. reesei is the best known cellulase producer 
(Arja, 2004; Foreman et al. 2003; Saloheimo et al. 2002), and one of the most studied 
cellulolytic organisms. A number of hypercellulolytic mutants have been developed with 
reports of up to 40 g/1 cellulase production by certain mutants (Ilmen et al., 1997). Some 
of the best developed cellulolytic strains of T. reesei produce up to 0.33 g of protein per g 
of utilizable carbon source (Lynd et al., 2002). The T. reesei strain used in the current 
study produced around 5 mg of protein per g of Avicel in the culture filtrate. It is worth 
mentioning that not all the Avicel was utilized by the fungus during the course of 
incubation.
Table 3.2: Total protein, cellulase activity and specific activities o f  the freshly cultivated culture filtrates o f  
four fungi, T. reesei, M. verrucaria, A. niger and T. spiralis, after growing them on 1.0 % Avicel in 
V ogel’s medium for 10 days 25, 30 and 37 °C, at 150 rpm. All experiments were performed in triplicate 
and the mean values were calculated.
CF
Protein gg/ml+ Enzyme units /ml Specific activity1
25 °C 30 °C 37 °C 25 °C 30 °C 37 °C 25 °C 30 °C 37 °C
TR 50
±0.031
55
±0.011
<1.0 1.20
±0.021
1.44
±  0.005
0.10
±  0.072
24.0 26.2 ND
MV 160
± 4 .0 2
150
± 3 .9 8
<1.0 0.10
±0.001
0.10
± 0 .001
0.0
± 0 .0
0.63 0.67 0.00
TS 50
± 1 .8 4
60
± 1 .1 5
<1.0 0.17
± 0 .0 3
0.18
± 0 .0 7
0.0
± 0 .0
3.40 3.00 0.00
AN 20
± 0 .9 6
40
± 1 .0 4
<1.0 0.01
±0.001
0.01 
±  0.001
0.0
± 0 .0
0.50 0.50 0.00
CF: Culture filtrate; TR: Trichoderma reesei', MV: Myrothecium verrucaria', TS: Trichoris spiralis', AN: 
Aspergillus niger [The symbols in the Table refer to the fresh culture filtrate o f  these fungi].
±  signs represent the standard deviation o f  the means based on three replicas.
* One unit o f  enzyme is defined as the amount o f  enzyme required to liberate one micro mole o f  glucose 
equivalent from the substrate, Avicel, in one minute.
1. Specific activity =  units o f  enzyme per milligram o f  protein. The specific activity was calculated on the 
basis o f the mean values o f  the protein concentration and the enzyme units, for each set o f  experiment.
+ Rounded to the nearest decimal; ND: not determined.
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In addition to the Avicelase activity, the culture filtrates of the four fungi were also tested 
for the activities of individual components of the cellulase system. Both T. reesei and M. 
verrucaria produced comparable levels of all the three types of major cellulases, namely, 
endoglucanase, exoglucanase and p-glucosidase, while the other two fungi produced 
negligible levels of any of these enzymes when grown on Avicel (pO.OOl) (Figure 3.1).
T. reesei M. verrucaria A.niger T. spiralis
Figure 3.14: Activity o f  the three major cellulolytic enzymes, endoglucanase ( H  ), exoglucanase ( E3 ) 
and p-glucosidase ( I I ) ,  in the freshly cultivated culture filtrates o f  the four fungi, T. reesei, M. verrucaria, 
A. niger and T. spiralis, grown in V ogel’s medium supplemented with 1 % Avicel as the sole carbon 
source, for 10 days at 30 °C and 150 rpm. The error bars represent standard deviation o f  the means based 
on three replicas.
Despite the fact that M. verrucaria produced a good complement of individual cellulases 
(Figure 3.14) in addition to producing the highest level of protein in the culture filtrate 
among the four fungi (Table 3.1 to 3.5; pO.OOl), it was unable to attack and hydrolyse 
cellulose (Figure 3.2). Halliwell (1961, 1962) has previously noticed that the pure culture 
filtrate of M. verrucaria was unable to hydrolyse cellulose (de-waxed cotton) while the 
fungus itself was able to almost completely solubilise it. This suggests that either a 
protein associated with the cell wall was needed for the complete solubilisation of 
cellulose or a physical contact between cellulose and the cell wall to the activation of 
certain mechanisms involved in cellulose hydrolysis. It was noticed that Avicel was 
trapped in ball-like structures by the mycelia during the growth of M. verrucaria on 
Avicel as the carbon source (Figure 3.3). This phenomenon was not observed in case of 
T. reesei or the other two fungi and the residual Avicel was always left in free-particle
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form at the bottom of the culture flasks. This observation strengthens the idea of the 
involvement of the fungal cell wall in cellulose hydrolysis by M. verrucaria.
Figure 3.15: Avicelase activity o f  the 
culture filtrate o f  the four fungi, T. reesei, 
M  verrucaria, A. niger and T. spiralis. 
Avicel was treated w ith the fresh culture 
filtrates at 37 °C for 24 hours. Upon 
completion o f incubation, the reducing 
sugars released in the supernatant were 
measure by the DNS assay. The bars 
represent standard deviation o f  the m eans 
based on three sets o f  replicas.
A.niger T. spiralis
Figure 3.16: Light m icroscopic images o f  m ycelia o f  
M  verrucaria after 10 days o f  growth on in V ogel’s 
medium supplem ented w ith Avicel as the sole carbon 
source at 30 °C and 150 rpm. Avicel can be seen 
trapped by m ycelia in the ball-like structures.
M. verrucaria produced the highest levels of both endoglucanase and (3-glucosidase 
among the four fungi (pO.OOl), although the exoglucanase activity was half o f the 
activity o f the culture filtrate o f T. reesei (Figure 3.1). According to one o f the 
contemporary theories of cellulose hydrolysis, known as endo-exo synergism theory, 
endoglucanases play a key role by making random cuts in the cellulose chains creating 
attack sites for exoglucanases which cleave off glucose and cellobiose from the exposed 
sites (Olsson et al., 2004; Lynd et al., 2002). In addition to the possibility o f the 
involvement of the cell wall in cellulose hydrolysis by M. verrucaria, its weak activity 
against cellulose (Figure 3.2) could also be the result o f a different proportion o f various 
enzymes compared to that in the culture filtrate o f T. reesei. This hypothesis could be 
tested by purifying various components of the cellulase system of M  verrucaria and 
mixing them in the same proportion as that present in the culture filtrate o f T. reesei. It 
has been shown that cellulase mixtures can be engineered by mixing different type of
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cellulases in different proportions could affect the overall degree of cellulose hydrolysis 
(Baker et ah, 1998). Researchers at the US Department of Energy found that a ratio of 
90:9:1 mixture of a cellobiohydrolase from T. reesei (CBH I), a thermo-tolerant 
endoglucanase from A. cellulolyticus (El), and a 13-D-glucosidase, respectively, was 
capable of hydrolysing cellulose most efficiently
(h ttp ://w w w l.eere .en ergv .gov /b iom ass/ce llu lase  en zy m e.h tm ll.
Both A. niger and I  spiralis have previously been shown to produce one or more of the 
individual components of the cellulase system when grown on a different carbon source 
(Siddiqui et al, 1996, 1997; Hart et al., 2003). When grown on Avicel, they did not 
produce appreciable amounts of cellulolytic activities (Figure 3.1). Inability of A. niger, 
M. verrucaria and T. spiralis to efficiently degrade Avicel could be because of an 
incomplete cellulolytic system or less efficient enzymes produced by these fungi as 
compared to T. reesei.
It is worth noting that the mere presence of an enzyme in the culture filtrate of a fungus 
does not prove its extra-cellular nature. Acebal et al. (1988) suggested that the |3- 
glucosidase activity in the culture filtrate of T. reesei might be the result of cell lysis. 
More recent views suggest that the (3-glucosidases are bound to the cell wall in T. reesei 
(Lynd et al., 2002). This seems very likely as the cellulase preparations from T. reesei 
are know to be weak in p-glucosidase activity and it has often to be supplemented (Duff 
et al., 1985).
Vogel’s medium supplemented with soluble carbon source (glucose)
Glucose is a readily available carbon source. It is also the end product of cellulose 
hydrolysis which is made available to the microorganism growing on cellulose. In 
general presence of glucose in the medium results in carbon catabolite repression which 
leads to the suppression of genes required for utilization of other alternative carbon 
sources (Ilmen et al., 1996). It has been reported that the production of cellulase enzymes 
by T. reesei was not significant on glucose containing media and that it could even result 
in the complete inhibition of the expression of cellulase genes (Ilmen et al., 1997).
Some cellulase activity was observed in the culture filtrates of all the fungi even when 
glucose was used as the sole carbon source (Table 3.2). The specific activity of Avicelase
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was lower in case of all of the four fungi when grown on glucose (Table 3.2) as 
compared to their growth on Avicel (Table 3.1). The specific activity is a dependant 
variable which was calculated on the basis of mean values of protein concentration and 
enzyme units. Hence, no statistical analysis was performed to compare the specific 
activities.
Cellulolytic fungi are known to produce constitutive levels of cellulase enzymes (Suto 
and Tomita, 2001). This could account for the enzyme production in the presence of 
glucose. Higher levels of proteins were secreted by the fungi when grown on glucose 
(Table 3.2) as compared to their growth on Avicel (Table 3.1). These proteins may be the 
constitutive ones resulting from a higher biomass produced on glucose as the carbon 
source. It is interesting to note that certain glucose batches were reported in 1960s to 
induce cellulase production. It was discovered later that the industry switched the glucose 
production from starch from chemical to the enzymatic process which resulted in trace 
presence of sophorose, the most potent inducer of cellulases in T. reesei, in the glucose 
samples (Kubicek et al., 1990).
Table 3.3: Total protein, cellulase activity and specific activities o f  the freshly cultivated culture filtrates o f  
four fungi, T. reesei, M. verrucaria, A. niger and T. spiralis, grown on 1.0 % glucose in V ogel’s medium 
for 10 days at three different temperatures, 25, 30 and 37 °C, at 150 rpm. A ll experiments were performed 
in triplicate._______________________________________________ ________ _____________________________
CF
Protein jug /ml+ Enzyme unitsVml Specific activity1
25 °C 30 °C 37 °C 25 °C 30 °C 37 °C 25 °C 30 °C 37 °C
TR 56 
±  1.17
57
± 1 .0 9
<1.0 0.54
± 0 .0 4
0.56
± 0 .0 8
0.0
± 0 .0
9.68 9.82 0.00
MV 194
± 3 .9 8
197
± 4 .1 2
<1.0 0.06 
± 0.008
0.08
± 0 .0 1
0.0
± 0 .0
0.31 0.41 0.00
TS 67
± 2 .0 1
73
± 2 .1 9
<1.0 0.11
± 0 .0 4
0.14
± 0 .0 2
0.0
± 0 .0
1.65 1.93 0.00
AN 59 
±  1.99
60
± 2 .0 6
<1.0 0.01
± 0 .001
0.02
± 0 .001
0.0 0.17 0.34 0.00
CF: Culture filtrate; TR: Trichoderma reesei', MV: Myrothecium verrucaria', TS: Trichoris spiralis', AN: 
Aspergillus niger [The symbols in the Table refer to the fresh culture filtrate o f  these fungi].
±  signs represent the standard deviation o f  the means based on three replicas.
* One unit o f enzyme is defined as the amount o f  enzyme required to liberate one micro mole o f  glucose 
equivalent from the substrate, Avicel, in one minute.
1. Specific activity =  units o f  enzyme per milligram o f  protein. The specific activity was calculated on the 
basis o f  the mean values o f  the protein concentration and the enzyme units, for each set o f  experiment.
+  Rounded to the nearest decimal.
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3.4.2 Growth on MS medium
In order to assess the growth and the cellulase production by the four fungi, T. reesei, M. 
verrucaria, T. spiralis and A., niger, over a range of pH, MS medium was used as a minimal 
salt medium at three different pHs, viz., 4.6, 5.4, and 6.5. The ideal pH for the MS 
medium to keep all the salts in soluble form is 5.7 (Murashige and Skoog, 1962). The pH 
of the medium can easily be adjusted with 1 N NaOH or 1 N HC1, and previous workers 
have used this medium over a pH range from 4 to 7 (Dunlap and Robacker, 1988). It has 
been reported that autoclaving could drop the pH by 0.6 to 1.3 units (Sarma et al, 1990; 
Skirvin et al., 1986). Use of a buffer system to maintain the pH of the medium during 
autoclaving is recommended (Sarma et al, 1990).
The four fungi behaved in a similar way when grown on MS medium as they did in the 
case of growth on Vogel’s medium (Tables 3.3 to 3.5). T. reesei was the best producer of 
cellulolytic activity at all temperatures and pHs (pO.Ol). The activity was higher at pH 
4.6 and pH 5.4 as compared to pH 6.5 (pO.OOl) showing that the fungus prefers slightly 
acidic medium for cellulase production. This is in line with earlier reports (Bennet et al. 
2002).
Table 3.4: Total protein, cellulase activity and specific activities o f  the freshly cultivated culture filtrates o f  
the four fungi, T. reesei, M. verrucaria, A. niger and I  spiralis, grown on 1.0 % A vicel in MS medium pH 
4.6 at 25, 30 and 37 °C, at 150 rpm. All experiments were performed in triplicate and the mean values were 
calculated.
CF
Protein gg/ml+ Enzyme unitsVml Specific activity1
25 °C 30 °C 37 °C 25 °C 30 °C 37 °C 25 °C 30 °C 37 °C
TR 41 
±  1.13
47 
±  1.18
<1.0 1.00
± 0 .0 9
1.13
± 0 .0 6
0.0
± 0 .0 0
24.39 24.0 0.00
MV 110
± 3 .4 2
115
± 2 .8 7
<1.0 0.07 
±  0.006
0.10
± 0 .0 8
0.0
± 0 .0 0
0.64 0.86 0.00
TS 35 ± 
0.89
42 ± 
1.42
<1.0 0.13
± 0 .0 7
0.15
± 0 .0 9
0.0
± 0 .0 0
3.71 3.57 0.00
AN 15 ± 
0.74
18 ± 
1.01
<1.0 0.01
±0.001
0.01
± 0 .001
0.0
± 0 .0 0
0.67 0.56 0.00
CF: Culture filtrate; TR: Trichoderma reesei', MV: Myrothecium verrucaria', TS: Trichoris spiralis', AN: 
Aspergillus niger [The symbols refer to the fresh culture filtrate o f  these fungi],
±  signs represent the standard deviation o f  the means based on three replicas.
* One unit o f  enzyme is defined as the amount o f  enzyme required to liberate one micro mole o f  glucose 
equivalent from the substrate, Avicel, in one minute.
1. Specific activity = units o f  enzyme per milligram o f  protein. The specific activity was calculated on the 
basis o f  the mean values o f  the protein concentration and the enzyme units, for each set o f  experiment.
+  Rounded to the nearest decimal.
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Table 3.5: Total protein, cellulase activity and specific activities o f  the freshly cultivated culture filtrates o f  
the four fungi, T. reesei, M. verrucaria, A. niger and T. spiralis, grown on 1.0 % Avicel in MS medium 
(pH 5.5) at 25, 30 and 37 °C, at 150 rpm. All experiments were performed in triplicate.___________ _____
CF
Protein pg/ml+ Enzyme unitsVml Specific activity1
25 °C 30 °C 37 °C 25 °C 30 °C 37 °C 25 °C 30 °C 37 °C
TR 46 
±  1.19
50 
±  1.33
<1.0 1.10
± 0 .0 5
1.25
± 0 .0 8
0.1
±0.001
23.9 25.0 0.00
MV 140
±3.39
145
± 3 .7 4
<1.0 0.09
± 0 .0 3
0.10
± 0 .001
0.0
± 0 .0 0
0.64 0.69 0.00
TS 33
± 2 .0 1
37
± 2 .5 5
<1.0 0.15
± 0 .0 9
0.18
± 0 .0 5
0.0
± 0 .0 0
4.55 4.86 0.00
AN 16 
±  1.00
17 
±  1.03
<1.0 0.01
±0.001
0.01
± 0 .001
0.0
± 0 .0 0
0.63 0.59 0.00
CF: Culture filtrate; TR: Trichoderma reesei', MV: Myrothecium verrucaria', TS: Trichoris spiralis', AN: 
Aspergillus niger [The symbols in the Table refer to the fresh culture filtrate o f  these fungi],
±  signs represent the standard deviation o f  the means based on three replicas.
* One unit o f  enzyme is defined as the amount o f  enzyme required to liberate one micro mole o f  glucose 
equivalent from the substrate, Avicel, in one minute.
1. Specific activity =  units o f  enzyme per milligram o f  protein. The specific activity was calculated on the 
basis o f  the mean values o f  the protein concentration and the enzyme units, for each set o f  experiment.
+  Rounded to the nearest decimal.
Table 3.6: Total protein, cellulase activity and specific activities o f  the freshly cultivated culture filtrates o f  
the four fungi, T reesei, M. verrucaria, A. niger and T. spiralis, grown on 1.0 % A vicel in MS medium pH 
6.5 at three different temperatures, 25, 30 and 37 °C, at 150 rpm. All experiments were performed in 
triplicate and the mean values were calculated.______________________________________________________
CF
Protein pg/ml+ Enzyme unitsVml Specific activity1
25 °C 30 °C 37 °C 25 °C 30 °C 37 °C 25 °C 30 °C 37 °C
TR 38
±  1.09
41
± 1 .5 3
<1.0 0.75
± 0 .0 6
0.79
± 0 .0 9
0.0 19.74 19.27 0.00
MV 100
± 3 .0 1
104
± 3 .91
<1.0 0.07
± 0 .0 1
0.09
± 0 .0 2
0.0 0.70 0.70 0.00
TS 30
± 0 .9 5
38
±  1.10
<1.0 0.11
± 0 .01
0.14
± 0 .0 2
0.0 3.67 3.68 0.00
AN 10
± 0 .5 8
14 
± 0 .  87
<1.0 0.01 
±  0.001
0.01
± 0 .001
0.0 1.00 0.71 0.00
CF: Culture filtrate; TR: Trichoderma reesei', MV: Myrothecium verrucaria', TS: Trichoris spiralis; AN: 
Aspergillus niger [The symbols in the Table refer to the fresh culture filtrate o f  these fungi].
±  signs represent the standard deviation o f  the means based on three replicas.
* One unit o f  enzyme is defined as the amount o f  enzyme required to liberate one micro mole o f  glucose 
equivalent from the substrate, Avicel, in one minute.
1. Specific activity =  units o f  enzyme per milligram o f  protein. The specific activity was calculated on the 
basis o f  the mean values o f  the protein concentration and the enzyme units, for each set o f  experiment.
+  Rounded to the nearest decimal.
3.4.3 Growth on wheat straw (WS)
The fungi were grown on ground finely ground wheat straw as the sole carbon source in 
Vogel’s medium in order to compare their ability to grow on a natural carbon source with 
that on Avicel. Natural biomass differs from Avicel in various aspects, as it may contain 
polymers like lignin, hemicellulose and pectin in addition to cellulose. Presence of
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compounds other than cellulose poses physical hindrance to the accessibility of the 
cellulolytic enzymes (Hatfield et ah, 1999). All of the four fungi studied showed a 
comparable level of activity when grown on wheat straw to that observed on Avicel 
(Table 3.6). The total protein secreted by the fungi was increased in all cases (pO.OOl) 
when grown on wheat straw (Table 3.6) as compared to grown on Avicel (Table 3.1), 
except in the case of M. verrucaria for which the total protein secreted was less at 25 °C 
when grown on wheat straw (pO.OOOl). The cellulase activity was slightly decreased in 
case of growth of T. reesei on wheat straw as compared to growth on Avicel (pO.05), 
while it was unchanged in case of rest of the fungi (p>0.05). Production of more proteins 
can be justified because of the diversity of the compounds in the substrate which could 
have triggered synthesis of several different proteins.
Table 3.7: Total protein, cellulase activity and specific activities o f  the freshly cultivated culture filtrates o f  
the four fungi, T. reesei, M. verrucaria, A. niger and T. spiralis, grown on 1.0 % wheat straw in V ogel’s 
medium for 10 days at 25, 30 and 37 °C, at 150 rpm. A ll experiments were performed in triplicate and the 
mean values were calculated.
CF
Protein ng/ml+ Enzyme units /ml Specific activity1
25 °C 30 °C 37 °C 25 °C 30 °C 37 °C 25 °C 30 °C 37 °C
TR 57
± 2 .01
62
± 2 .1 4
<1.0 1.08
± 0 .0 4
1.31
± 0 .0 7
0.0
± 0 .0
18.95 21.13 0.0
MV 144
± 4 .0 9
159
± 3 .9 7
<1.0 0.10
±  0.003
0.10
± 0.005
0.0
± 0 .0
0.69 0.63 0.0
TS 66
± 1 .7 9
78
± 1 .9 8
<1.0 0.14
± 0 .0 2
0.16
± 0 .0 1
0.0
± 0 .0
2.12 2.05 0.0
AN 35
± 0 .9 8
39 
±  1.15
<1.0 0.01
± 0 .001
0.01
± 0 .0 0 1
0.0
± 0 .0
0.29 0.27 0.0
CF: Culture filtrate; TR: Trichoderma reesei; MV: Myrothecium verrucaria; TS: Trichoris spiralis; AN: 
Aspergillus niger [The symbols in the Table refer to the fresh culture filtrate o f  these fimgi].
±  signs represent the standard deviation o f  the means based on three replicas.
* One unit o f  enzyme is defined as the amount o f  enzyme required to liberate one micro mole o f  glucose 
equivalent from the substrate, Avicel, in one minute.
1. Specific activity =  units o f  enzyme per milligram o f  protein. The specific activity was calculated on the 
basis o f the mean values o f  the protein concentration and the enzyme units, for each set o f  experiment.
+  Rounded to the nearest decimal.
3.4.4 Conclusions of the growth study
Growth on the Vogel’s medium supplemented with Avicel at 30 °C was found to present 
comparatively better specific activity for Avicelase in the culture filtrate as compared to 
those with any other medium (Figure 3.4 bar d). Vogel’s medium with Avicel was 
therefore selected for fungal growth during the rest of the study.
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MS 4.6 MS 5.4 MS 6.5 VM 5.9 VM G VM WS
Figure 3.17: Graphical representation o f  the specific activities o f  the culture filtrates o f  I  reesei grown on 
MS medium or V ogel’s medium for 10 days at 25 °C ( H  ), 30 °C ( D  ) and 37 °C ( El ), at 150 rpm. The 
results for 37 °C are not visible in the figure as they were always below the detection level. MS: MS 
medium, the numbers corresponds to the pH o f  the medium; VM  G: V ogel’s medium supplemented with 
glucose as the sole C-source; VM  WS: V ogel’s medium supplemented with wheat straw as the sole carbon 
source. N o error bars are shown as the data comprised o f  absolute values.
T. reesei was the best producer of cellulases when grown on Vogel’s medium 
supplemented with Avicel. The fungus is well known for its better cellulase system 
among the known organisms (Lynd et al., 2002). Despite extensive research for over 50 
years the complete cellulase system and the full mechanism of cellulose hydrolysis 
employed by the fungus remains partially known (Saloheimo et al., 2002). It was 
therefore chosen for further study in order to investigate further its mechanism of action 
on cellulose during the enzymatic hydrolysis of cellulose.
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4.1 SUMMARY
The culture filtrate of T. reesei was able to disrupt both filter paper and Avicel. An assay 
was developed to screen samples with the ability of to disrupt cellulose. The assay 
(FPDA) was based on the disintegration of the filter paper. The results obtained through 
FPDA were consistent with those found using other techniques to monitor cellulose 
disruption. The filter paper disruption assay (FPDA) was, therefore, found to be a quick 
visual means of screening samples with the desired property.
Disruption of the cellulose at the microscopic level was monitored through the light 
microscopy, SEM imaging and particle size analysis. It was observed that the size of 
cellulose (Avicel) particles gradually changed over the period of its incubation providing 
an evidence for the surface corrosion of the cellulose particles.
Particle size analysis showed that a large number of very small sized particles were 
generated during the course of hydrolysis. Break down of the cellulose particles into 
smaller particles seemed to be a concomitant process taking place along with the surface 
erosion. Moreover, the disruption of cellulose by the culture filtrate of T. reesei was pH 
dependent with the highest level of disruption observed at pH 5.
4.2 INTRODUCTION
Trichoderma reesei is the most powerful known biological degrader of cellulose in nature. This study was conducted in order to explore a previously less understood 
and less studied feature of the fungus which, when fully understood, will be another 
piece in the jigsaw puzzle of the enzymatic hydrolysis of cellulose.
Three major types of cellulases take part in the complete hydrolysis of cellulose. They 
include endoglucanases, exoglucanases and |3-glucosidases (Olsson et al., 2004). This
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depicts only a very simplified picture of the whole process. Cellulose in nature is not 
only in the form of tightly packed crystalline structure but is also embedded in a matrix 
of other compounds such as lignin and hemicellulose (Teeri, 1997; Wyman, 1999). 
Cellulose degrading organisms have to cross these barriers before actually attacking the 
substrate (Lynd et al., 1991). According to the popular hypothesis certain cellulolytic 
fungi may have a mechanism to break down the crystalline barrier before they could 
access the cellulose (Reese, 1950).
Disruption of cellulose has long been proposed as the first step in cellulose hydrolysis but 
the phenomenon has never been proven with certainty for any organism (Hammel et al., 
2002; Saloheimo, 2002). Few recent reports suggested the involvement of small proteins 
which are distinct from the major types of cellulases in disruption of cellulose by certain 
fungi (Saloheimo, 2002; Wang and Gao, 2002 and 2003). Other researchers have 
reported cellulose binding domains (Xiao et al., 2004), individual cellulases (Stahlberg et 
al. 1993) or Fenton-type reactions (Xu and Goodell, 2001) responsible for the disruption 
of cellulose. While these factors may cause disruption of cellulose to a certain extent, 
there may be more than one mechanism taking place in many cases.
T. reesei can extensively disrupt cellulose. Some of the results demonstrating this ability 
of the culture filtrate of T. reesei have already been published (appendix C). To date it is 
not clear whether the disruption of cellulose by the fungus is a prerequisite to the 
enzymatic hydrolysis or not. It could well be a by-product resulting from the attack of the 
cellulolytic enzymes.
The disruption of cellulose can have two broader impacts during the fungal attack on the 
biomass. It creates space for the big cellulases to access the substrate, or it could be a 
means to increase the surface area of the substrate in order to speed up the cellulolytic 
attack (Murmanis et al., 1988). A full understanding of this phenomenon is essential in 
order to improve the cellulose hydrolysis on a commercial scale. This will lead to the 
reduction of the cost of enzymes which has been identified as one of the major hurdles in 
the implementation of the technology on commercial scales (Lynd et al., 2002). 
Identifying the proteins and factors involved in the disruption process could be the first 
step towards fully understanding the mechanism of cellulose disruption.
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This chapter presents insight into the nature of cellulose disruption by the culture filtrate 
of T. reesei. The disruption process has been demonstrated with the help of SEM 
imaging, particle size analysis and filter paper disintegration.
RESULTS AND DISCUSSION
4.3 AVICEL
Avicel was the cellulosic material used for SEM imaging and particle size experiments in 
this study. It is a commercially available cellulose powder which is widely used as a 
substrate to measure the activity of cellulolytic enzymes (Carrard et al. 2000; Ichi-ishi et 
al. 1998; Chose, 1987). It is a nearly pure form of cellulose. Dilute acid treatment is used 
in its preparation which removes both hemicelluloses and amorphous regions of the 
cellulose fibres (Lynd et ah, 2002). SEM imaging also revealed the crystalline nature of 
Avicel (Figure 4.1).
Figure 4.1: SEM image o f  cellulose (Avicel) particles 
(500X). The Avicel powder was homogeneously suspended 
in RO water and a small drop o f the suspension was let to 
dry on a carbon stub, first in air and then in a dessicator. The 
picture shows heterogeneity in the shape o f the cellulose 
particles.
4.4 DISRUPTION OF FILTER PAPER
Initial experiments were carried out with Whatman No. 1 filter paper. It has less 
crystallinity than Avicel (Zhang and Lynd, 2004; Henrissat et ah, 1985). It was observed 
that culture filtrate of I  reesei could extensively disintegrate filter paper in an 8-day 
incubation experiments (Figure 4.2). At the end of the experiment the filter paper was 
chopped down into very small pieces which gave a milky appearance to the suspension 
when shaken.
72
Chapter 4: Disruption o f cellulose by culture filtrates o f  T. reesei
Figure 4.2: Effect o f culture filtrate o f 
Trichoderma reesei on W hatman no. 1 filter 
paper (left) and 0.05M acetate buffer, pH 5.0 
in which there are still two discs o f intact 
filter paper (right). The incubation was 
carried out for 8 days as described in section 
2.4.11. The fresh culture filtrate was 
obtained by growing the fungus for 10 days 
in V ogel’s medium supplemented with 1.0 
%  Avicel as the sole carbon source at 30 °C 
and 150 rpm.
4.5 DISRUPTION OF AVICEL
4.5.1 Phase contrast light microscopy
The culture filtrates of T. reesei were also able to disrupt Avicel, in addition to filter 
paper. The crystals of Avicel were fragmented to a large extent after 24-hour incubation 
with the culture filtrate (Figure 4.3).
Avicel is mostly crystalline although amorphous regions may be present (Figure 4.3 a). 
Upon incubation with the culture filtrate of T. reesei, amorphous regions were the first to
:*a
Figure 4.3: Phase contrast light m icroscopic images (400 X) o f  Avicel (a) before any treatm ent and (b) 
after 24 hours incubation with the fresh culture filtrate o f  T. reesei. The fresh culture filtrate was obtained 
by growing the fungus for ten days in Vogel’s medium supplemented with 1.0 %  Avicel as the sole carbon 
source at 30 °C and 150 rpm. Red arrows (left) indicate the possible amorphous regions present in the 
Avicel.
be hydrolysed. In a 24 hour treatment with the culture filtrate of T. reesei, amorphous 
regions disappeared during the course o f hydrolysis (Figure 4.3 b). The crystalline
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structure was also largely disrupted by the treatment although this effect did not appear to 
be uniform. It was proposed earlier that the degree of crystallinity may vary within 
crystalline regions o f Avicel hence less crystalline structure was the first to be 
hydrolysed leaving more crystalline parts intact.
4.5.2 Scanning electron microscopy (SEM)
SEM is a valuable tool to assess the physical changes in substrates and has been widely 
used in the research involving wood biodégradation (Daniel, 1994). SEM was employed 
in the current study at low magnification to observe disruption of Avicel.
Experiments involving SEM supported the above finding that the culture filtrate of T. 
reesei could extensively disrupt Avicel (Figure 4.4). As was mentioned before, the 
disruption phenomenon could be considered to be a ‘para-hydrolysis disruption’ because 
enzymatic hydrolysis was concomitantly taking place in the reaction mixture.
Figure 4.4: Extensive disruption o f  crystalline cellulose (Avicel) upon incubation with the fresh culture 
filtrate o f T. reesei for 24 hours as seen through SEM imaging (500X). The fresh culture filtrate was 
obtained by growing the fungus for 10 days in V ogel’s medium supplemented with 1.0 %  Avicel as the 
sole carbon source at 30 °C and 150 rpm. The incubation o f  the sample was carried out at 37 °C without 
shaking.
Disruption of cellulose by the culture filtrate of T. reesei could be the result o f two 
distinct processes, viz., gradual surface erosion and preferential digestion o f amorphous 
regions in the Avicel. These two processes could occur simultaneously. They both would 
result in decrease in average particle size. A gradual reduction in size of Avicel particles 
was observed in a time course experiment (Figure 4.5 a to d).
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Figure 4.5 Gradual changes in 
physical appearance o f  Avicel as 
observed through SEM. Untreated 
comm ercial Avicel (native Avicel) 
was treated with the fresh culture 
filtrate o f T. reesei for (a) 0 hour, (b) 
3 hours, (c) 9 hours and (d) 24 hours. 
The incubation o f  the samples was 
carried out at 37 °C without shaking. 
The fresh culture filtrate was 
obtained by growing the fungus for 
10 days in V ogel’s medium 
supplemented with 1.0 %  Avicel as 
the sole carbon source at 30 °C and 
150 rpm.
* m, m
4.5.3 Filter paper disintegration assay (FPDA)
A simple assay was developed to monitor the cellulose disruption property of a sample. 
Samples positive for the cellulose disruption were able to disintegrate small filter paper 
discs into a milky suspension (Figure 4.6). The milky appearance was the result o f the 
disruption of cellulose and conversion o f the filter paper disc into very small fragments.
Only positive samples for cellulose disruption were able to disintegrate the filter paper 
discs upon vortexing after incubation. The disc was not affected at all in case o f negative 
samples even when the vigorous vortexing was extended by another 15 seconds.
Results from the FPDA were consistent with those obtained through SEM and particle 
size analysis (discussed later). FPDA was therefore used as a general screening assay for 
cellulose disruption for large number o f samples.
Figure 4.6: Fresh culture filtrate o f T. reesei disintegrated filter 
paper disc (left) upon vortexing after 24 hour incubation at 37 
°C without shaking, the disc was un-affected by the buffer 
(middle) or RO water (right) blanks. The fresh culture filtrate 
was obtained by growing the fungus for 10 days in V ogel's 
medium supplemented with 1.0 %  Avicel as the sole carbon 
source at 30 °C and 150 rpm.
75
Chapter 4: Disruption of cellulose by culture filtrates of T. reesei
4.6 MONITORING THE EXTENT OF CELLULOSE DISRUPTION
The extent and nature of disruption of cellulose can be monitored through a wide variety 
of techniques. Walker et al. (1990 and 1992) used a particle counter to estimate particle 
size in Avicel suspensions following treatment with cellulases. The turbidity of cellulose 
(Solka Floe suspension) has also been used as a measure of cellulose disruption analysis 
(Kyriacou et al., 1987). They also used phase contrast microscopy to observe changes in 
Solka Floe structure following enzymatic treatment. X-ray diffraction and electron 
microscopy were deployed by Gao et al. (2001) to demonstrate cellulose disruption by 
the cellulolytic components of Pénicillium janthinellum. Physical disruption of filter 
paper was visually analysed by Griffin et al. (1984). They looked at the disintegration of 
small filter paper discs upon vortexing following treatment with the cellulase sample. 
Electron microscopy has been a powerful tool for virtual observation of the physical state 
of cellulose particles or fibres to observe disintegration of cellulose by cellulolytic 
enzymes (Sprey and Bochem, 1992; Chanzy et al. 1983).
4.6.1 Particle size analysis
In the current study, particle size analysis was also carried out in addition to SEM 
imaging and light microscopy in order to further confirm the disruption of cellulose. 
Mastersizer S® system was used for the particle size analysis. Mastersizer S® can be used 
to measure particle sizes in the range 0.05 pm to 3500 pm. Untreated Avicel powder has 
more than 80 % particles (by number) in the size range of 20 pm to 120 pm 
(manufacturer’s note).
A dry powder sample could be used in the form of a suspension in water or any other 
suitable liquid to measure the particle size range (manufacturer’s manual). It is a fully 
automated system with very consistent results. The system works through laser 
diffraction caused by the particles. There is a correlation between the angle of light 
scattered and the particle size. The details are beyond the scope of this work, but can be 
found at www.malvem.co.uk.
Based on Mastersizer analysis more than 80% of the particles in an untreated sample of 
Avicel were of size 113.74 pm or smaller (Figure 4.7 and Table 4.1). This observation
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was in line with the manufacturer’s technical data showing 80 % particles in the 
commercial Avicel in the size range 20 pm to 120 pm.
A shift in particle size was observed after incubation of Avicel with the culture filtrate of 
T. reesei for 24 hours (Figure 4.7 and Table 4.1).
The output results by Mastersizer S were in terms of volume of particles in certain size- 
ranges as a percentage of total volume of the sample. The results are presented as 
percentile ranks (Table 4.1). A percentile rank represents the volume by percentage 
occupied by the particles of a certain size or less.
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Figure 4.7: Distribution curve showing the range o f  A vicel particle size in untreated Avicel (top) and the 
shift o f  particle size towards smaller size after 24 hour treatment with the fresh culture filtrate o f  T. reesei 
(bottom), (the numerical data is given in Table 4.1). The % volume refers to the fraction o f  the volum e o f  
sample occupied by the particles o f  the size in a particular range. The fresh culture filtrate was obtained by  
growing the fungus for 10 days in V ogel’s medium supplemented with 1.0 % Avicel as the sole carbon 
source at 30 °C and 150 rpm.
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Table 4.1: Distribution percentile (volume) chart for particle size analysis o f  Avicel before and after the 24 
hour treatment in triplicate experiments with the fresh culture filtrate o f  T. reesei at pH 5.0 and 37 °C. All 
experiments were carried out in three replicas. Standard deviations o f  the means are given._____________
Percentile rank
Max particle size (pm)
Untreated Avicel 24-hour treated
10% 13.94 ± 0 .6 4 5.30 ± 0 .3 0
20% 22.92 ± 0.88 9.66 ± 0.47
50% 54.20 ± 1.23 22.89 ± 1 .0 1
80% 113.74 ± 2 .4 9 43.13 ± 0 .9 8
90% 159.85 ± 2 .7 4 57.18 ± 1.25
Two important aspects of this reduction in size were (a) the appearance of greater 
number of particles in the range 1 pm to 10 pm, and (b) the overall shift of the 
distribution curve towards smaller particle sizes. While it was not calculated exactly how 
many particles did fall in each size class, it was evident from the data shown in Figure 
4.8 that the number of particles below 10 pm size was tremendously increased. The 
smaller the particle size the greater the number needed to achieve a given volume. More 
than 20 % volume was occupied by particles of size 10 pm or smaller after the treatment 
with the culture filtrate, as opposed to less than 10 % volume in case of untreated Avicel 
(Table 4.1). Hence it was very likely that the number of particles in 1 pm to 10 pm range 
may have far exceeded the number of rest of the particles after the treatment with the 
culture filtrate.
4.7 FACTORS AFFECTING CELLULOSE DISRUPTION
The effect of two conditions, i.e., concentration of the proteins in the reaction mixture 
and the pH of the reaction medium, that could affect the disruption of cellulose were 
studied.
4.7.1 Concentration of proteins
Disruption of cellulose was found to be dependent on the concentration of protein in the 
reaction mixture. Fresh culture filtrate of T. reesei normally contained 0.05 mg/ml to 
0.06 mg/ml protein when grown under conditions described earlier in section 2.3.1.4. 
The fresh culture filtrate was always able to cause disruption of Avicel to the same extent 
as shown in Figures 4.5.
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Disruption of cellulose was markedly reduced when the total protein concentration was 
halved (pO.OOl) or quartered (pO.OOl) by diluting the fresh culture filtrate in the 
acetate buffer at pH 5 (Table 4.2). SEM imaging further confirmed this finding (Figure
4.9). This showed that disruption of cellulose was dependent on the concentration of 
proteins in the reaction mixture. The correlation between the disruption of cellulose and 
the concentration of proteins meant that the disruption was either being caused by the 
proteins or at least the presence of proteins was required to execute the process. The 
correlation between the protein concentration and the extent of disruption was not studied 
further to draw a correlation curve.
Table 4.2: Distribution percentile (volume) chart for the particle size analysis o f  Avicel before and after 
the 24 hour treatm ent in triplicate experiments with the various concentrations o f  the culture filtrate o f  I  
reesei. All experiments were carried out in three replicas at 37 °C without shaking._____________________
Max particle size (pm)
Percentile Untreated Treatment Treatment Treatment
rank Avicel with 1 X CF* with y2 X CF with % X CF
10 % 13.94 ± 0 .6 4 5.30 ± 0 .3 0 8.73 ± 0 .4 2 11.58 ± 0 .5 4
20% 22.92 ±  0.88 9.66 ±  0.47 16.37 ± 0 .8 5 19.79 ± 0 .7 9
50 % 54.20 ± 1.23 22.89 ±1.01 35.33 ±  1.73 50.02 ±  1.08
80 % 113.74 ± 2 .4 9 43.13 ± 0 .9 8 69.82 ±  1.95 102.63 ±  1.84
90 % 159.85 ± 2 .7 4 57.18 ±  1.25 98.17 ± 1 .8 7 130.88 ±  1.93
CF: Culture filtrate o f T. reesei.
Figure 4.8: SEM image showing partial disruption o f cellulose after 24 hours incubation with 'AX 
concentrated fresh culture filtrate o f  T. reesei (left) and 'AX concentrated culture filtrate (right). Cellulose 
was disrupted to a greater extent in case o f treatment with 'A X concentrated culture filtrate. The culture 
filtrate o f  T. reesei was obtained by growing the fungus for 10 days on V ogel’s medium supplemented with 
1.0 %  Avicel at 30 °C at 150 rpm.
79
Chapter 4: Disruption o f cellulose by culture filtrates o f  T. reesei
4.7.2 pH
In order to find the optimum pH for cellulose disruption by the culture filtrate of T. 
reesei, the Avicelase assay was performed as described in section 2.4.4.2 at various pH. 
Maximum disruption was observed at pH 5 (Table 4.3) (pO .O l). This showed that the 
culture filtrates of T. reesei were more efficient at acidic pH (Figure 4.10).
Table 4.3: Distribution percentile (volume) chart for the particle size analysis o f  Avicel before and after 
the 24 hour treatm ent in triplicate experiments with the fresh culture filtrate o f T. reesei at various pHs. All 
experiments were carried out in three replicas at 37 °C without shaking. The culture filtrate o f  T. reesei was 
obtained by growing the fungus for 10 days on V ogel’s medium supplemented with 1.0 %  Avicel at 30 °C 
at 150 rpm. ______________________________________________________________________________________
Max particle size (pm)
Percentile Untreated Treatment at Treatment Treatment Treatment
rank Avicel pH 4.5 at pH 5.0 at pH 5.5 at pH 6.5
10 % 13.94 ± 0 .6 4 6.59 ± 0 .8 5 5.30 ± 0 .3 0 7.39 ± 0 .6 9 10.76 ±0 .8 5
20 % 22.92 ± 0 .8 8 12.35 ± 0 .7 2 9.66 ±  0.47 15.88 ± 0 .7 7 18.39 ± 0 .7 0
50 % 54.20 ± 1.23 27.41 ± 0 .9 5 22.89 ± 1.01 36.24 ± 0 .8 4 45.99 ± 1.38
80 % 113.74 ± 2 .4 9 48.93 ±2.01 43.13 ±0 .9 8 65.32 ±  1.17 75.31 ± 1.26
90 % 159.85 ± 2 .7 4 60.22 ±  1.48 57.18 ± 1.25 79.54 ±1.33 96.28 ± 2.09
a*.*
Figure 4.9: SEM images showing variation in the extent o f  cellulose disruption after 24 hours treatm ent 
with the fresh culture filtrate o f  T. reesei at pH 4.5 (a), 5.0 (b), 5.5 (c) and 6.5 (d). The culture filtrate o f T. 
reesei was obtained by growing the fungus for 10 days on V ogel’s medium supplemented w ith 1.0 % 
Avicel at 30 °C at 150 rpm. The control consisted o f Avicel suspensions in the buffers o f  the same pH but 
without the culture filtrate (not shown here).
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4.8 AVICELASE ACTIVITY OF THE CULTURE FILTRATE OF T. reesei 
Avicelase is a term used to describe the overall enzymatic activity of a sample. The 
activity is often used as a measure of cellulolytic strength of a sample (Wood and Bhat, 
1988). There may be more than one enzyme present in the sample being analyzed. The 
Avicelase activity of a sample is measured by incubating Avicel for a certain length of 
time with it and measuring the release of reducing sugars in the medium. Care must be 
taken when measuring the reducing sugars in the supernatant of an Avicel suspension as 
it was noticed that Avicel particles themselves gave strong colour with DNS solution 
used to monitor the presence of reducing sugars (results not shown).
The pH profile of the Avicelase activity of the culture filtrate of T. reesei showed a pH 
optimum around pH 4.5 (Figure 4.11).
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Figure 4.10: pH profile o f  Avicelase activity o f  culture filtrate o f  T reesei. The freshly cultivated culture 
filtrate was mixed in a 1:1 ratio with the buffers containing 1 % Avicel and incubated for 12 hours at 37 °C 
without shaking. The reducing sugars released into the medium were measured by DNS assay. The culture 
filtrate o f  T. reesei was obtained by growing the fungus for 10 days on V ogel’s medium supplemented with 
1.0 % Avicel at 30 °C at 150 rpm. The bars represent standard errors o f  the means based on three sets o f  
replicas for each data point.
These results also coincide with those obtained through electron microscopy (Figure
4.10). The maximum disruption of cellulose occurred at pH 5 (table 4.3). A pH of 4.5 to 
5 seemed to be the best condition for physical disruption of cellulose as well as for the 
liberation of reducing sugars from it during its enzymatic hydrolysis (Figure 4.10).
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4.8.1 Inhibition of Avicelase activity and the disruption of cellulose by salt
High salt concentration affected the Avicelase activity and the disruption of cellulose. 
Release of reducing sugars from Avicel by the culture filtrate of T. reesei dropped down 
to one half at 1 M ammonium sulphate (Figure 4.11) (pO.OOl). Filter paper discs were 
not disrupted at 1 M ammonium sulphate concentration in the FPDA assay showing that 
disruption of cellulose did not occur at high salt concentration (results not shown).
Figure 4.11: Avicelase activity o f  the 
culture filtrate o f  T. reesei at two 
different salt concentrations depicting 
reduction in the liberation o f  reducing 
sugars with an increase in the salt 
concentration. Freshly cultivated 
culture filtrate o f  the fungus grown on 
V ogel’s medium containing 1 % Avicel 
was used. The bars represent standard 
deviation o f  the means based on three
Ammonium sulphate precipitation is often employed as the first step in enzyme 
purification schemes (Wood, 1988). These results highlight the necessity of the removal 
of salts prior to starting the further experimentation; otherwise it could lead to the false 
results.
4.9 CONCLUSIONS
Culture filtrates of T. reesei can extensively disrupt cellulose. The disruption took place 
during the enzymatic hydrolysis of cellulose (Avicel), hence it could be called para- 
hydrolysis disruption. It was not studied whether this phenomenon was a pre-requisite for 
the enzymatic hydrolysis or a by-product. Answering these questions in detail could lead 
to an interesting further study. These questions can be addressed once the nature and 
mechanism of cellulose disruption by the culture filtrates of T. reesei has been fully 
elucidated.
Ammonium sulphate
sets o f  replicas for each data point.
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SEM analysis supported with results from particle size analysis is a powerful tool to 
study disruption of cellulose. The disruption of cellulose by the culture filtrate of T. 
reesei was gradual over a period of 24 hours. The disruption of cellulose was affected by 
the change in protein concentration, pH and the salt concentration of the medium.
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Identification of the factors responsible for the disruption of 
cellulose by T. reesei
5.1 SUMMARY
The results presented here encompass purification of the factors responsible for the 
cellulose disruption by the culture filtrate of T. reesei through a series of LC steps. The 
culture filtrate was fractionated by gel filtration, ion exchange chromatography and HIC. 
All the proteins taking part in the disruption of cellulose were pooled together after each 
LC step and applied onto the next column in the LC series. Enzyme activities in the 
samples obtained after each chromatography step were monitored through various assays 
described in chapter 3. Disruption of cellulose was monitored after each purification step 
by FP disintegration, SEM imaging and particle size analysis. It was shown that more 
than one protein was needed to disrupt the cellulose.
5.2 INTRODUCTION
Proteomics is the study of proteins especially their structure and function (Palcy and Chevet, 2006). Reverse proteomics in the context of the current discussion implies 
the reverse approach of identifying the proteins and factors responsible for a 
phenomenon, cellulose disruption in this case. This approach differs from the proteomics 
in not purifying a single protein first and then looking at its properties and activity 
independent of the other proteins.
The full complement of the cellulase enzymes is still not known (Saloheimo et al., 2002). 
Researchers have so far mostly studied the purified single cellulases (Stahlberg et al. 
1993; Walker et al. 1992) which has resulted in our limited understanding of the 
combined action of the proteins involved in the enzymatic hydrolysis of cellulose (Zhang 
and Lynd, 2004).
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Liquid chromatography (LC) is a widely used technique to fractionate the culture filtrates 
and other protein mixtures. Various type of LC techniques used in purification of 
cellulases are gel filtration, hydrophobic interaction chromatography (HIC), ion- 
exchange chromatography (IEC) and affinity chromatography (Schulein, 1988; Voragen 
et al., 1988). A combination of LC techniques is often applied when purifying a protein 
depending on the need. Each of the techniques separates proteins and other 
macromolecules on the basis of a distinct mode of action as described below.
Size exclusion chromatography separates molecules on the basis of their size. The gel 
bed is made up of small porous beads. Small molecules can enter the beads through the 
pores while larger molecules either do not enter or occasionally enter the pores. Smaller 
molecules, thus, have to travel more than bigger ones. As a rule, the bigger the size the 
shorter the time it would take to be eluted.
Ion exchange chromatography is a powerful tool in protein purification. It separates 
proteins on the basis of their net charge. Ion exchange chromatography can either be 
anion-exchange or cation-exchange depending on the charge of the stationary phase or 
column bed. Anion-exchange columns have a positively charged matrix hence they retain 
negative proteins, while cation exchange columns are negatively charged and they retain 
positive molecules. Interaction between the column bed and the attached proteins is non- 
covalent, so the elution can be achieved by increasing the concentration of similarly 
charged molecules in the mobile phase. Alternately, elution can also be achieved by 
changing the pH of the mobile phase which in turn affects the net charge on proteins.
Hydrophobic interaction chromatography separates proteins on the basis of their 
hydrophobicity. The presence of hydrophobic side chains on the surface amino acids of a 
protein give a protein its hydrophobic character. In an aqueous environment soluble 
proteins are surrounded by water molecules. Presence of a salt in the medium promotes 
hydrophobic interactions, a phenomenon called salting out. Some of the water molecules 
surrounding a protein are taken up in this process by the salt molecules leaving more 
hydrophobic surface groups on the protein exposed to interact with other hydrophobic 
moieties in the vicinity. Elution can be achieved by lowering the salt concentration in the 
medium which lets proteins get back into the hydrophilic environment.
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RESULTS AND DISCUSSION
5.3 GEL FILTRATION (SIZE EXCLUSION CHROMATOGRAPHY)
The Culture filtrate of T. reesei was yellowish green in colour. Gel filtration as a first 
purification step served the dual purpose of purification of various components and 
decolourization of the culture filtrate. Removal of the pigments was desirable at an early 
stage as irreversible or tight binding of pigments to the columns in subsequent 
chromatography steps could have led to damage or malfunctioning of the columns.
5.3.1 Selection of a gel matrix
Sephadex® G-75 was initially used as a bed support for the gel filtration. It was soon 
realized that being a glucose polymer, dextran, Sephadex was prone to hydrolysis by the 
cellulolytic enzymes being separated during the elution, despite dextran being an a-1,6 
linked glucose polymer whereas cellulose is (3-1,6 linked. Perhaps because of this reason 
suffocation and blockage of the column was a recurring problem in the early stages of 
this study. Although some investigators have used Sephadex as gel bed for the separation 
of cellulases (Ekperigin, 2007; James et al. 1997; Wood, 1971), this may have worked 
because the organisms used in those studies may not produced factors able to disrupt 
dextrans in the way the enzymes produced by T. reesei did. Sephadex, therefore, was 
later replaced with the Bio-Gel PI00 (Bio-Rad, UK) for the rest of the study. Bio-Gel 
PI00 is made of inert polyacrylamide beads. It was not affected to any noticeable extent 
by the presence of trichodermal cellulases.
5.3.2 Pooling of the fractions
Acetate buffer at pH 5 which have previously been used for elution of cellulases in gel 
filtration (Saha, 2004) was used to elute the proteins. The exclusion limits for Bio-Gel 
P I00 were 5 KDa to 100 KDa which covered the full range of the molecular weights of 
the cellulases of T. reesei (appendix A).
T. reesei culture filtrate was fractionated through gel filtration into various protein peaks 
(Figure 5.1). After the gel filtration of the culture filtrate of T. reesei the excluded 
fractions (i.e., less than 5 KDa or more than 100 KDa) were pooled together and freeze 
dried to concentrate. None of the excluded fractions from the gel filtration were able to 
disrupt cellulose when assayed through the FPDA.
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Screening of all the fractions for enzyme activity revealed that the peaks had overlapping 
enzyme activities for the endoglucanase and (3-glucosidase (Figures 3.7 and 3.10). Gel 
filtration separates proteins on the basis of their size. It is quite possible that different 
proteins had similar sizes. Hence more than one protein could still be present in any of 
the peaks.
Figure 5.1: Fractionation o f  the culture 
filtrate o f  T. reesei on size exclusion  
chromatography. ). The fresh culture 
filtrate was obtained by growing the 
fungus for 10 days in V ogel’s medium 
supplemented with 1.0 % A vicel as the 
sole carbon source at 30 °C and 150 rpm 
shaking speed.
Fraction number
5.3.3 Screening of the fractions for cellulose disruption
The filter paper disintegration assay (FPDA) conducted on all individual fractions 
revealed that only fractions 27 to 34 were able to disintegrate filter paper (Figure 5.2). 
Those fractions were pooled together and named as pool Bi. The rest of the fractions 
were pooled according to the protein profile as: fractions 20 to 26 (pool Ai), fractions 35 
to 65 (pool Ci) and fractions 66 to 90 (pool Di). Only pool Bi retained the property to 
disrupt cellulose after they were freeze dried in order to concentrate the solutions while 
the other concentrated pools showed negative activity towards the FPDA.
1s
V "  x
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Figure 5.2: FPDA o f  the fractions obtained from gel 
filtration chromatography o f  the culture filtrate o f  T. reesei, 
showing disintegration o f  filter paper discs by the pool Bi 
(fractions 27 to 34, underlined red). The intact disc can be 
seen in the rest o f  the fractions. T. reesei was grown for 10 
days on V ogel’s medium, containing 1.0 % Avicel, at 30 °C 
and 150 rpm.
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5.3.4 Scanning electron microscopy
Results were further verified through SEM imaging. It showed that only pool B, 
disrupted Avicel (Figure 5.3). None of the other pools or combinations of pools caused 
the disruption o f cellulose to the same extent as pool Bi (Results for all the combination 
of pools are not shown here). All three major cellulolytic enzyme activities were present 
in the pool Bi, in addition to pool Ai (Table 5.1). T. reesei is known to have multiple 
enzymes o f various types of cellulases (Olsson et al., 2004). Moreover, one type of 
enzyme may possess the activity o f another kind. For example exoglucanases are known 
to show endo- behaviour when assayed (Lynd et al., 2002).
Figure 5.3: SEM images o f  
Avicel after 24-hour treatm ent 
at pH 5 w ith pools o f  fractions 
obtained from gel filtration 
chromatography o f  the culture 
filtrate o f  T. reesei. The 
images shown are for (a) pool 
A j, (b) pool Bi, (c) pool Q  
and (d) pool D,. The fresh 
culture filtrate was obtained 
by growing the fungus for 10 
days in V ogel’s medium 
supplemented with 1.0 %
Avicel as the sole carbon 
source at 30 °C and 150 rpm.
Table 5.1: Enzyme activities associated with the pools o f  fractions after the gel filtration chrom atography 
o f the culture filtrate o f T. reesei.
Pool Endoglucanase' Exo-glucanase2 P-glucosidasej
Ai (20 - 36) + + +
Bi (27-34) + + +
C, (35-65) + - -
D, (66 -  90) - - +
1,2,3: Activities were monitored through gel diffusion assays (endoglucanase and (l-glucosidase) or 
HPAEC and pNPC assay (exoglucanase)
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5.3.5 SDS-PAGE
In addition to the enzyme analysis, SDS-PAGE further showed the possible presence of 
more than one protein in pool Bi (Figure 5.4).
Figure 5.4: Separation o f  proteins present in pool B, after the gel filtration chromatography through SDS- 
PAGE revealing the presence o f more than one protein in it. . Fifteen pi o f  the 2 mg/ml protein sample was 
loaded onto the gel, which was subsequently run for 45 m in at room tem perature using a constant current 
o f 150 V.
SDS-PAGE denatures proteins and separates non-covalently bound peptides from each 
other, so the appearance o f multiple bands itself may not always be an indication of 
multiple proteins. But, a combination o f multiple enzyme activities (Table 5.1) and 
multiple protein bands in SDS-PAGE (Figure 5.4) was an indication of the presence of 
more than one protein in pool B,.
5.3.6 Particle size analysis
Results from the particle size analysis also showed that the maximum shift in particle 
size distribution was observed after treatment o f Avicel with pool Bi as compared to the 
untreated Avicel (Table 5.2) (pO.OOl). As mentioned in the previous chapter, the results 
for the particle size analysis did not give the actual measure of the particle sizes. They 
were based on the percentile rank in terms of volume occupied by the particles of a 
certain size or less.
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Table 5.2: Distribution percentile (volume) for the particle size o f  Avicel before and after the 24 hour 
treatment with the pools (Ai to D;) made o f  fractions obtained from gel filtration chromatography. Results 
are also given for treatment with the culture filtrate o f  T. reesei for comparison purpose.________________
Percentile
rank
Max particle size (pm)
Untreated
Avicel
TRCF*
Treated
Pool Ai 
treated
Pool Bi 
treated
Pool Ci 
treated
Pool Di 
treated
10% 13.94
± 0 .6 4
5.30
± 0 .3 0
12.76
± 0 .9 4
6.24
± 0 .4 3
11.02
± 0 .3 3
13.45
± 0 .5 4
20% 22.92
±  0.88
9.66
± 0 .4 7
20.13 
±  1.14
10.52
± 0 .5 8
19.67
± 0 .5 7
21.34
± 0 .8 4
50% 54.20 
±  1.23
22.89
±  1.01
49.21
± 1 .7 8
23.09
± 0 .8 9
42.30
± 0 .5 4
52.32
± 0 .9 9
80% 113.74
± 2 .4 9
43.13
± 0 .9 8
107.15
± 2 .3 2
47.90 
±  1.01
98.78
± 0 .7 3
109.03
± 1 .1 3
90% 159.85
± 2 .7 4
57.18 
± 1.25
143.54
± 2 .4 4
59.49
± 1 .3 8
127.67
± 1 .0 9
147.37
± 1 .2 1
The Figures shown with a ±  sign represent the standard deviation from the mean calculated on the basis o f  
the results from three replicate samples. * Culture filtrate o f  T. reesei. Note: The results for the ‘untreated 
A vicel’ and the ‘TRCF treated’ have been taken from another experiment performed under the similar 
experimental conditions and using the same batch o f  Avicel.
Some effect on the particle size was observed after the treatment with any enzyme pool 
For example the particle sizes resulted after the treatment with pool Ci were significantly 
different as compared to the control, untreated Avicel (p<0.05). Various types of 
cellulases have been shown to be able to disrupt cellulose to some extent (Stahlberg et al. 
1993; Walker et al. 1992; Halliwell and Riaz, 1970). Hence the decrease in particle size 
to certain extents in all cases was not surprising as one or the other cellulase could be 
present in any of the pools, disrupting the cellulose to some extent. In addition to the 
cellulases, some disruption could also be caused by other proteins in the culture filtrate of 
T. reesei (Saloheimo et al., 2002).
5.3.7 Presence of iron-chelating species in the culture filtrate of T. reesei
Low molecular weight iron-chelating compounds in the culture filtrate of wood-decaying 
fungi have been reported (Wang et al, 2003; Goodell et al, 1997). These compounds have 
been proposed to take part in the initial disruption of otherwise tightly packed cellulose 
structure as mentioned in chapter 1 (section 1.4.3). Esculin gel diffusion assay (EGDA)
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carried out on the fractions obtained after gel filtration chromatography of the culture 
filtrate of T. reesei indicated the possible presence of iron reacting compounds in the 
culture filtrates by the formation o f clear zones (Figure 5.5). Formation of clear zones 
could be the result of the modification or the removal (chelating) of Fe ions leaving a 
colourless medium behind. Some low molecular weight metabolites have been proposed 
to be secreted by wood decaying fungi. These metabolites were proposed to diffuse into 
the wood tissue and react with the abundantly present iron ions there (Xu and Goodell,
2001). These molecules are believed to reduce FeJ+ to Fe2+ and 0 2 to H2O2 leading to a 
Fenton reaction (Hammel et al., 2002).
Figure 5.5: EGDA perform ed on alternate gel filtration fractions o f 
culture filtrate o f T. reesei, grown on 1.0 %  Avicel in acetate buffer 
pH 5 at 150 rpm for ten days. Clear zones around fractions 74 to  84 
m ay represent quenching o f iron ions by one or more iron-chelators 
present in the culture filtrate o f the fungus.
It is noteworthy that a yellowish green compound was released by the T. reesei when 
grown on filter paper as the sole carbon source (Figure 5.6). It could be the same pigment 
as the one eluted in the fractions 74 to 84 after the gel filtration of the culture filtrate 
(peak Di in Figure 5.1). The fungus was able to grow and sporulate only in the areas 
where the cellulose was present in the form of filter paper while the coloured compound 
was able to diffuse in the surroundings (Figure 5.6). Release of the yellowish pigment 
into it’s the surroundings could be one of the mechanisms the fungus employs to make an 
initial attack on any cellulose present in the vicinity, probably by chelating iron and/or 
deploying a Fenton type reaction.
Figure 5.6: The culture o f  T. reesei grown for 2 weeks on 
V ogel’s medium (1/10 X) agar with the overlaid filter paper as 
the sole carbon source at 25 °C, showing the release o f  the 
yellow pigment into the surroundings beyond the mycelial 
growth.
20 22 24
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This was an interesting observation but it was not further investigated because fractions 
74 to 84 were unable to disintegrate filter paper in the FPDA assay. The pool of fractions 
74 to 84 was also unable to disrupt Avicel even when the reaction mixture was 
supplemented with 10 mM FeCls to provide Fe3+ ions. The effect of the addition of H2O2 
was not studied because it was not in the main stream of this study.
5.4 ION EXCHANGE CHROMATOGRAPHY
Ion exchange chromatography (IEC) for the separation of cellulases is mostly carried out 
at acidic pH. Most cellulases are acidic proteins which have a net negative charge at 
acidic pH and bind to anion exchange columns (Peach, 1994). Proteins in the pool 
from the gel filtration chromatography were further separated on the anion exchange 
column (Figure 5.7). Buffer concentrations of 10 to 25 mM are used for elution of 
cellulases in ion exchange chromatography (Peach, 1994).
Preliminary experiments in the current study were carried out using a linear gradient to 
elute proteins from the IEC column, but it was realized that the disruption property of the 
sample was lost after elution. The peaks resulting from linear gradient were not sharp and 
most of them were overlapping (results not shown). Hence the protocol was modified to 
run a step gradient. Step gradient elution gave rise to sharper peaks (Figure 5.7) and the 
disruption property was retained by one of the peaks.
One of the disadvantages of using a step gradient is that the resolution of peaks is not as 
sharp as by linear gradient. Each peak resulting from a step gradient might contain more 
than one protein which otherwise could have been resolved on a linear gradient. It was a 
compromise here between the resolution and the retention of the activity.
Figure 5.7: IEC o f  the pool o f  fractions 27 to 
34 (pool B]) obtained from gel filtration 
chromatography o f  the culture filtrate o f  T. 
reesei. A  step gradient (0 % - 10%  - 2 0 % -  
100 %) o f  1 M NaCl was used to elute the 
proteins.
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5.4.1 Analysis of the fractions
Fractions 38 to 46 collected after the ion exchange chromatography were found to disrupt 
the filter paper (Figure 5.8). They were pooled together and named, pool C2. The 
concentrated pools when tested against the FPDA did not show disruption o f cellulose 
except in the case of pool C2. A combination of the pools was able to disrupt cellulose 
only if pool C2 was present in the combination. None of the other combinations caused 
the comparable disruption of the cellulose (results not shown). SEM imaging provided 
further evidence that the pool C2 was able to disrupt Avicel to a larger extent than the rest 
o f the pools (Figure 5.9).
* * F S » S *
Figure 5.8: FPDA o f the fractions obtained from ion exchange 
chrom atography o f  the pool B , showing disintegration o f  filter 
. _ . „ m -  paper discs by fractions 38 to 46 (underlined red). The intact
A 2 ' & % % k 3 w '* disc can be seen in the rest o f the fractions.
Figure 5.9 SEM images o f  Avicel after treatment, for 24 hours at pH 5, with the pools from Ion exchange 
chromatography. The images shown are for (a) pool A% (fractions 3 to 6), (b) pool B^ (fractions 13 to 22), 
(c) pool C2 (fractions 38 to 46) and (d) pool D , (fractions 83 to 87).
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Results from the particle size analysis were in line with those obtained through the FPDA 
and SEM imaging. They showed that the extent of reduction in the particle size was the 
maximum when Avicel was treated with the pool C2  as compared to its treatment with 
the other pools (Table 5.3) (pO.OOl). The results showed that the number of particles 
increased in the range of smaller particle sizes after the treatment of Avicel with the pool 
C2.
Both endo- and exo-glucanase activities were present in pool C2 (Table 5.4) showing 
either the presence of more than one enzyme or one enzyme with multiple activities. The 
presence of more than one enzyme was very likely as the SDS-PAGE analysis revealed 
the presence of more than one protein in pool C2 (Figure 5.10).
Figure 5.10: Separation o f  proteins present in pool C2 after the ion exchange chromatography 
through SDS-PAGE showing the possible presence o f  more than one protein in the pool. Fifteen 
pi o f  the 2 mg/ml protein sample was loaded onto the gel, which was subsequently run for 45 
min at room temperature using a constant current o f  150 V.
Table 5.3: Distribution percentile (volume) chart for particle size o f  Avicel before and after the 24 hour 
treatment with the pools from ion exchange chromatography. Results are also given for treatment with the
Percentile
rank
Max particle size (pm)
Untreated
Avicel
TRCF-
treated
Pool A2 
treated
Pool B2 
treated
Pool C2 
treated
Pool D2 
Treated
10% 13.94
± 0 .6 4
5.30
± 0 .3 0
10.65
± 0 .4 4
13.76
± 0 .5 9
6.98
± 0 .5 3
11.28
± 0 .6 1
20% 22.92
± 0 .8 8
9.66
± 0 .4 7
18.47
± 0 .5 9
21.53
± 0 .6 4
11.34
± 0 .6 4
19.89
± 0 .7 7
50% 54.20
± 1 .2 3
22.89 
±  1.01
45.90
± 0 .9 5
55.32 
±  1.10
25.90
± 0 .9 5
44.40
± 0 .9 9
80% 113.74
± 2 .4 9
43.13
± 0 .9 8
96.38
± 1 .1 5
109.02
± 2 .0 9
48.38
± 0 .8 7
102.90 
±  1.14
90% 159.85
± 2 .7 4
57.18 
±  1.25
129.20
± 1 .3 7
155.38
± 2 .8 5
61.53
± 1 .0 2
133.09 
±  1.78
1  11C  1  I g U l  t o  O l l U  W l l  W 1 U A  Cl -A- O l £ ,1 1  1 V J J l VUW1AV MAW u m m a m m a m  m w  * -------------------------- --------
the results from three different samples. * Culture filtrate o f  T. reesei. Note: The results for the ‘untreated 
A vicel’ and the ‘TRCF treated’ have been taken from another experiment performed under the similar 
experimental conditions and using the same batch o f  Avicel, assuming that the results would be 
comparable.
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Table 5.4: Enzyme activities associated with the pools from ion exchange chromatography.
Pool Endoglucanase1 Exoglucanase2 P-glucosidaseJ
A2 (3 -6) - - +
B2(13 - 22) + - -
C2 (38 - 46) + + -
D2 (83 - 87) - - -
1,2,3: Activities were monitored through gel diffusion assays (endoglucanase and (3-glucosidase) or 
HPAEC and pNPC assay (exoglucanase)
5.5 HYDROPHOBIC INTERACTION CHROMATOGRAPHY (HIC)
Pool C] from the ion exchange chromatography was further resolved into four protein 
peaks on HIC (Figure 5.11). None of the individual fractions was positive in disrupting 
the cellulose when tested against the FPDA. Hence the peaks were pooled together on the 
basis of protein profile o f the fractions. The pools were concentrated and tested again for 
the cellulose disruption through the FPDA but none o f the individual pools could disrupt 
the cellulose. Similar results were obtained with the Avicel as a substrate (Figure 5.12).
Figure 5.11: Fractionation o f  the pool o f fractions |
34 to 49 from gel filtration on ion exchange !
column. A step gradient (0 %  - 10 %  - 20 %  - 100 |
%) o f 1 M (NH4)2S0 4  was used to elute proteins. '
c d
Figure 5.12: SEM images o f  Avicel 
after 24 hours treatment at pH 5 with 
pools from HIC. The images shown 
are for (a) pool A3 (fractions 1 to 5), 
(b) pool B3 (fractions 8 to  16), (c) 
pool C3 (fractions 18 to 28) and (d) 
pool D3 (fractions 62 to 67).
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5.5.1 Disruption of cellulose by the mixture of proteins
A proportionate mixture (PM) of the four pools (A3, B3, C3 and D3) was able to disrupt 
cellulose (Figure 5.13). The proportionate mixture contained protein in the same ratio as 
they were present in the sample loaded onto the HIC column. The ratio was calculated on 
the basis of the proportion of the total proteins in the four individual pools before 
concentrating them. It was assumed that the dilution factor was the same for all of the 
proteins in the original sample loaded.
The disruption of the cellulose (Avicel) by a mixture of all the proteins was a strong 
indication that the proteins interacted in some way to disrupt the cellulose. This issue is 
dealt with in more detail in the next chapter. It was obvious that the complete disruption 
of cellulose was not caused by a single protein in the culture filtrate of T. reesei. 
Interestingly, all the other combinations of the pools were also unable to disrupt the 
cellulose to a comparable extent (results not shown). Which means an interaction or 
synergism was necessary between the proteins in order them to disrupt cellulose. 
Presence of a specific set of various factors/proteins was necessary to cause the 
disruption of cellulose.
5.5.2 Particle size analysis
The particle size analysis also supported the findings from the above experiments that the 
extent of disruption of cellulose was much greater when it was treated with the 
proportionate mixture of the pools than with any individual pool (Table 5.5) (pO.OOl). 
Any other combination of the pools not involving all of the four pools also failed to 
disrupt the Avicel to a comparable extent (results not shown).
The slight decrease (pO.Ol) in the extent of reduction in the particle size after the 
treatment of the Avicel with the culture filtrate of T. reesei compared to the treatment 
with the PM (Table 5.5) could be explained by (a) the loss of protein during the 
purification steps, or (b) absence of one or more proteins required for the complete 
disruption of cellulose.
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Figure 5.13: SEM imaging o f Avicel after 24-hour treatm ent with 
the proportionate mixture o f  protein peaks obtained through HIC.
Table 5.5: Distribution percentile (volume) chart for particle size o f Avicel before and after the 24 hour 
treatm ent with the individual pools from HIC and their proportionate mixture (PM). Results are also given 
for treatm ent with the culture filtrate o f T. reesei for comparison purpose.________________________________
Percentile
rank
Max particle size (pm)
Untreated
Avicel
TRCF - 
treated
Pool A3 
treated
Pool B3 
treated
Pool C3 
treated
Pool D3 
treated
PM
treated
10% 1194
± 0 .6 4
5.30
± 0 .3 0
10.29 
±  1.04
11.32
±  0.82
10.35
± 0 .9 5
12.37 
±  1.09
7.52
± 0 .3 8
20 % 22.92
± 0 .8 8
9.66
± 0 .4 7
17.23
±0.71
19.80
0.79
15.43
± 0 .4 8
20.45 
±  1.44
11.36
±0 .71
50 % 54.20 
±  1.23
22.89 
± 1.01
41.10
± 0 .8 4
48.49 
±  1.20
17.46
± 0 .7 9
49.97 
±  1.11
25.60
± 0 .9 2
80 % 113.74
± 2 .4 9
43.13
± 0 .9 8
92.35 
± 1.01
102.90
± 2 .1 3
94.37 
± 1.39
103.49
± 2 .9 5
49.96 
± 1.25
90 % 159.85
± 2 .7 4
57.18 
± 1.25
131.87
± 2 .0 8
147.13
± 3 .11
133.60
± 2 .8 8
146.51
± 2 .7 4
67.88 
±  1.30
The Figures shown with a ±  sign represent the standard deviation from the mean calculated on the basis o f  
the results from three different samples. * Culture filtrate o f  T. reesei. Note: The results for the ‘untreated 
Avicel’ and the ‘TRCF treated’ have been taken from another experiment perform ed under the similar 
experimental conditions and using the same batch o f Avicel.
5.5.3 Enzyme activity of the pools
Various type o f cellulases have been shown to disrupt cellulases to some extent 
(Stahlberg et al. 1993; Walker et al. 1992; Halliwell and Riaz, 1970). Current results 
indicated that cellulose disruption by the culture filtrate of I  reesei was not caused by 
one single type of enzyme (or protein). The enzyme assays showed that both exo- and 
endo-glucanase activities were present in one or the other pool (Table 5.6), but the fact
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that none of the individual pools could disrupt cellulose to a greater extent than the 
mixture of them suggest that neither of the enzymes caused disruption on their own.
Table 5.6: Enzyme activities associated with the pools from hydrophobic interaction chromatography.
Pool Endoglucanase1 Exoglucanase^ P-glucosidase3
A3(l -5) + + -
B3 (8 -16) + - -
C3 (18-28) - + -
D3 (62-67) + - -
1,2,3: Activities were monitored through gel diffusion assays (endoglucanase and p-glucosidase) or 
HPAEC and pNPC assay (exoglucanase)
(3-glucosidase activity was absent in all of the four pools (Table 5.6). The two types of 
P-glucosidases were detected in the culture filtrate of T. reesei (Figure 3.10). Both of 
them were excluded at early stages of the protein purification. The minor, low molecular 
weight species were removed after the gel filtration step in the current purification 
process, while the higher molecular weight P-glucosidase was excluded from the 
purification scheme after the ion-exchange chromatography step (Table 5.4). Hence it 
can be concluded that the p-glucosidase activity was not necessary for the disruption of 
cellulose by the culture filtrate of T. reesei.
Only three of the five endoglucanases and two exoglucanases could possibly be present 
in one or the other pools after the HIC step. The other two low molecular weight 
endoglucanases (25.2 KDa and 24.4 KDa) were possibly already removed at the early 
stages.
It can be concluded that (a) presence of P-glucosidases was not necessary for the 
disruption of cellulose, (b) both endoglucanase and exoglucanase enzyme activities were 
detected in the reaction mixture capable of disrupting cellulose, hence both type of 
enzymes may be required for a complete disruption of cellulose.
5.5.4 Analysis of the protein profile of the pools
The proteins shown up in the SDS-PAGE (Figure 5.14) could be correlated with the 
known cellulase of T. reesei (see appendix A for the list of known cellulases of T. 
reesei). More than 60 % (w/w) of cellulases in the culture filtrate of T. reesei are
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exoglucanase I (CBHI) (Table 1.2). The major protein in pool C (lane 3 in Figure 5.14) 
could possibly be CBHI. It is noteworthy that the band size in Figure 5.14 did not reflect 
the actual proportion of the proteins in the culture filtrate of T. reesei as equal amounts of 
the total protein were loaded in each of the well 1 through 4. But, the total amount of 
proteins in case of pool C3 seemed to be accumulated as a single protein, making it (the 
major band in lane 3 o f Figure 5.14) a strong candidate for the CBHI. This was further 
supported by the presence of the exoglucanase activity in pool C3 (Table 5.6).
The molecular weight of one o f the proteins in pool A (lane 1, Figure 5.14) coincided 
with exoglucanase II (CBHII, 49.7 KDa). This was in line with the presence o f 
exoglucanase activity in pool A (Table 5.6). Similarly molecular weights of three 
endoglucanases, EGI, EGII and EGIV matched with protein bands in lane 2, 4 and 1 
respectively (Figure 5.14).
Figure 5.14: Results o f SDS-PAGE analysis o f the 
pools from HIC chrom atography step showing the 
possible presence o f  multiple proteins in each pool: 
Lane 1: pool A 3, lane 2: pool B3, lane 3: pool C3, lane 
4: pool D 3 and lane 5: standard peptides. Equal 
concentration (15 pi o f  2 mg/ml) o f  the protein 
samples were loaded into each lane, w hich was 
subsequently run for 45 min at room temperature 
using a constant current o f 150 V.
The results obtained through the SDS-PAGE (Figure 5.14) and the enzyme assays (Table 
5.6) supported the finding that more than one kind of enzymes were present in various 
protein pools obtained after the HIC step. SEM imaging and particle size analysis 
confirmed that none of the single protein/enzyme could be responsible for the disruption 
o f cellulose. Instead, a mixture of proteins was needed in order to completely disrupt 
cellulose.
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5.6 GENERAL DISCUSSION
Two important factors affecting the enzymatic hydrolysis of cellulose are crystallinity 
and surface area of cellulose (Walker and Wilson, 1991). Grethlein (1985) reported that 
surface area could have greater effect on enzymatic hydrolysis than crystallinity. Using 
cellulases from T. reesei they reported that the initial rate of hydrolysis was linearly 
correlated with the surface area of the substrate, while crystallinity index had no 
relationship to the rate of hydrolysis.
In another study, initial particle size was shown to have no impact on the rate and extent 
of reducing sugar production (Peters et al., 1991). However the results were based on 
cellulases from Thermomonospora fusca which may had a different enzyme system than 
T. reesei and may utilize a different mechanism to attack cellulose such as surface 
corrosion of the substrate.
The current studies showed that T. reesei has a mechanism to disrupt cellulose during or 
prior to enzymatic attack which results in increase in overall surface area of cellulose. 
Past studies have mostly dealt with the disruption of cellulose by individual cellulases 
(Kyriacou et al. 1987). Some researchers though believed that more than one protein 
might be required for complete disruption of cellulose (Sprey and Bochem, 1992; 
Kyriacou et al., 1987, Walker et al., 1992). Results obtained during this study supported 
that view. Moreover, Wilson (2003) has recently proposed that there may be still 
unknown mechanisms of crystalline cellulose hydrolysis.
Presence of a low molecular weight protein, microfibril generating factor (MFGF), in the 
culture filtrate of T. reesei have also been reported (Krull et al., 1988). MFGF could 
disrupt filter paper but it did not have a cellulase activity. Filter paper disrupted by 
MFGF was hydrolysed by cellulases to the same extent as non-disrupted filter paper. 
Other low molecular weight proteins such as swollenin (Saloheimo et al. 2002), short 
fiber generating factor, SFGF (Wang et al., 2003) and Gt factor (Wang and Gao, 2003) 
have also been isolated from the culture filtrate of T. reesei or other Trichoderma species. 
These studies were also carried out on purified proteins. The current study has shown 
that individual proteins could disrupt cellulose. For example a decrease in particle size to 
certain extent was observed in various cases (Table 5.2, 5.3 and 5.5). When studied 
individually, various factors may cause certain degree of cellulose disruption, but the
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effect may not be comparable to that resulting from the combined action of various 
proteins or factors. As noticed at each purification level during this study, individual 
factors could not execute disruption to the same extent as the combination of proteins 
did.
A ‘reverse proteomics’ approach was applied in the current study in order to identify the 
proteins causing a physical effect. The proteins are purified to homogeneity and their 
mechanism of action is studied in conventional proteomics. The expression reverse 
proteomics was used to describe the approach of identifying proteins causing a specific 
action, disruption of cellulose in this case. All of the proteins needed for cellulose 
disruption were kept together during the purification process, instead of separating 
different proteins on the basis of their individual properties
It is also possible that in nature low molecular weight compounds play a ‘priming’ role in 
cellulose disruption by penetrating deeper into the substrate material (Wang and Gao, 
2002). They may create soft zones or holes through which larger molecules can squeeze 
through and this can lead to further disruption by the joint action of various factors 
and/or proteins.
5.7 CONCLUSIONS
Complete elucidation of the mechanism of cellulose disruption remains to be achieved. 
Ample research has been done on understanding the structure and function of 
conventional cellulases. There is a growing interest in understanding this previously 
overlooked phenomenon.
A combination of SEM imaging and particle size analysis proved to be a valuable tool to 
study the disruption of cellulose. Particle size analysis supported the observations made 
through the SEM imaging. The reverse proteomic approach revealed that more than one 
protein took part in the disruption of cellulose by the culture filtrate of the fungus T. 
reesei. Further work is needed in order to separate every single protein from the mixture 
of proteins obtained after the HIC step. This can be achieved by running another 
purification scheme and isolating every single protein. Once the proteins are isolated and 
purified they can be combined together in various possible combinations to find out 
exactly which ones of them are involved in the disruption of cellulose. Those proteins
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can then be manipulated in order to improve the overall enzymatic hydrolysis of 
cellulose. Various approaches can be used in order to manipulate the proteins involved in 
the disruption of cellulose: The ratio of the proteins involved in the disruption of 
cellulose can be optimized to achieve a better hydrolysis; The proteins could be cloned 
for mass production for use as a supplement to the commercial cellulases in order to 
improve their efficiency, and the genes of the proteins could be cloned in other 
cellulolytic organisms lacking the disruption activity, but with a good cellulase system 
otherwise (such as M. verrucarid) which may help improve their ability to degrade 
unmodified cellulose.
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Chapter 6
Effect of disruption of cellulose on its further enzymatic 
hydrolysis
6.1 SUMMARY
The culture filtrates of T. reesei gradually disrupt cellulose that results in reduction of the 
particle sizes. This property was used to obtain the particles of a range of various sizes, 
named as pretreated cellulose, with the aim to see any effect of particle size on its further 
enzymatic hydrolysis. The pretreated cellulose was then incubated with the fresh culture 
filtrates of T. reesei and M. verrucaria. It was found that the particle size affected the 
further hydrolysis by the culture filtrates of T. reesei but not by those of M. verrucaria.
6.2 INTRODUCTION
ellulose is a crystalline substrate which makes it difficult to be attacked by the
enzymes although it contains some amorphous regions as well which are easier to 
attack (Olsson et al., 2004). It is also insolubility in water which makes it hard to be 
accessed by the enzymes to act on. In biomass, cellulose is a compact structure 
associated with hemicellulose and lignin, that renders cellulases unable to penetrate into 
the structure due to their large size (Bayer et al., 1998).
Research is being conducted around the globe in order to find ways to reduce the cost of 
producing enzymes involved in cellulose hydrolysis (Lynd et al., 2002). A number of 
studies have focused on investigating the kinetics and properties of individual purified 
enzymes (Busto et al., 1996; Siddiqui et al., 1997 and 2000), but they have overlooked 
the auxiliary processes which assist the overall cellulose degradation (Saloheimo et al.,
2002). Therefore it is important to investigate the factors affecting the cellulose 
hydrolysis apart from conventional three types of cellulases. The disruption of cellulose 
could make the substrate more accessible to the enzyme for further hydrolysis. Once 
elucidated, the manipulation of such factors can help reduce the overall cost of cellulase 
enzymes in commercial processes. This could be achieved by optimising the proportion 
of the proteins in cellulase mixtures, cloning the genes for the proteins in those
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cellulolytic organisms who lack the ability to disrupt cellulose, and cloning and over 
expression of the proteins involved in disruption of cellulose.
Cellulose can be made more accessible to cellulases by reducing its crystallinity and/or 
increasing the surface area. T. reesei have a mechanism to disrupt cellulose into small 
particles during its enzymatic hydrolysis. This increases the surface area of the substrate 
which in turn makes it more accessible to the enzymes. This study investigated the effect 
of disruption on further enzymatic hydrolysis of cellulose by the culture filtrate of T. 
reesei. The disrupted cellulose was also tested for hydrolysis by the culture filtrate of M. 
verrucaria to find out if a prior disruption makes it easier for the fungus to attack the 
substrate.
RESULTS AND DISCUSSION
6.3 PRETREATMENT
As mentioned earlier in chapter 4 the culture filtrate of T. reesei could gradually disrupt 
cellulose (Avicel) during incubation with the culture filtrate. It was noticed that the 
longer the treatment with the culture filtrate the greater the decrease in particle size. 
Particle size analysis revealed a gradual decrease in the average particle size with the 
increase in the pretreatment time over a period of 24 hours (Table 6.1) (pO.OOl). Hence, 
the incubation of Avicel with the culture filtrate of T. reesei over 24 hours time was used 
as a pretreatment process in order to obtain a range of samples with various sized Avicel 
particles.
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Table 6.1: Distribution percentile (volume) for the particle size analysis o f  native Avicel and after its 
treatment with the fresh culture filtrate o f  T. reesei for 1 to 24 hours. The culture filtrate o f  T. reesei was 
obtained by growing the fungus for 10 days on V ogel’s medium supplemented with 1.0 % Avicel at 30 °C 
at 150 rpm._______________________________________________________________________________________
Percentile
rank
Max particle size (pm)
0 hour 
treated
1 hour 
treated
3 hour 
treated
5 hour 
treated
7 hour 
treated
9 hour 
treated
24 hour 
Treated
10% 13.94
± 0 .6 4
13.54
± 0 .5 9
13.15
± 0 .4 2
12.03 
±  0.36
11.63
± 0 .1 8
9.44
± 0 .2 2
5.30
± 0 .3 0
20% 22.92
± 0 .8 8
24.73
±0 .7 1
19.54
± 0 .6 7
18.46
± 0 .4 3
16.57
± 0 .3 7
15.10
± 0 .3 2
9.66
± 0 .4 7
50% 54.20
± 1 .2 3
50.67
± 0 .9 5
45.38
± 0 .9 9
42.17
± 0 .7 8
39.63
±  0.63
37.82
± 0 .5 4
22.89
±  1.01
80% 113.74
± 2 .4 9
104.52 
±  1.18
90.60 
±  1.09
86.51
± 0 .8 4
75.68
± -.8 8
68.61 
±  0.63
43.13
± 0 .9 8
90% 159.85
± 2 .7 4
145.65
± 2 .0 7
125.76
± 1 .3 2
109.53
± 0 .9 3
106.30 
±  1.02
95.83
± 0 .9 4
57.18 
±  1.25
* Culture filtrate o f  T. reesei'. The Figures shown with a ±  sign represent the standard deviation from the 
mean calculated on the basis o f  the results from three different samples. Note: The results for the ‘0 hour 
treated’ and the ’24 hour treated’ have been adopted from another experiment.
6.3.1 Gradual decrease in particle size during the pretreatment
The results showed that the Avicel particles of any size were attacked and fragmented by 
the culture filtrate of T. reesei right from the beginning of the incubation. But, the turn 
over of the smallest sized particles seemed to be countered by their immediate 
hydrolysis. It was noticed that smaller particles were hydrolysed and thus disappeared in 
the first three hours of incubation at almost the same pace as they were being generated. 
That is why the volume occupied by the smallest sized particles (13.94 pm or smaller) 
remained almost unaffected during the first three hours of incubation (Table 6.1).
In the next hours, the hydrolysis of the small particles seemed to be slowed down which 
could be because of the accumulation of the end products of the enzymatic hydrolysis in 
the medium (Figure 6.1). Cellulases are prone to end product inhibition (Olsson et al., 
2004). Interestingly, disruption of cellulose did not seem to be affected by the presence 
of end products in the reaction mixture and a gradual decrease in the particle size was 
observed throughout the 24 hours incubation period (Table 6.1). This indicated that the 
disruption process took place independent of the hydrolytic enzyme reactions.
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Figure 6.1: Release o f  reducing sugars from the Avicel by the culture filtrate o f  T. reesei over a 24 hour 
incubation period indicating the accumulation o f  end product. The culture filtrate o f  T. reesei was obtained 
by growing the fungus for 10 days on V ogel’s medium supplemented with 1.0 % Avicel at 30 °C at 150 
rpm. The purified and filter sterilized culture filtrate was mixed in a 1:1 ratio with 0.5 % Avicel in 50 mM  
acetate buffer pH 5.0, and incubated at 37 °C for 24 hours. Five hundred pi samples were aseptically 
removed at various time intervals to measure the reducing sugars released. The error bars represent the 
standard deviations o f  the means based on three replicas for each data point.
6.3.2 Hypothesis about end product non-dependence of cellulose disruption
The fact that cellulose disruption was not prone to the end product inhibition was further 
confirmed through disruption of filter paper by the culture filtrate of T. reesei in the 
presence of glucose and cellobiose, two of the main end products of the enzymatic 
hydrolysis of cellulose. Disruption of filter paper was not affected when the end 
products, glucose and cellobiose, were already present in the reaction mixture (Figure 
6.2).
Disruption of cellulose could be regarded as a mechanism employed by the fungus to 
explore deeper into the cellulose structure. The reason that the disruption process was 
independent of the end product inhibition could be that, in nature, the fungus has evolved 
to be able to attack as much substrate as possible without wasting resources on any
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temporary accumulation of the end product. As shown below in the following section 
6.5, T. reesei seems to have some mechanism to protect the disrupted cellulose from 
attack by other cellulolytic systems, thus minimizing the possibility of competition from 
some other organism (for example see section 6.5).
It is noteworthy that the cellulolytic enzymes of T. reesei themselves are subject to end 
product inhibition (Olsson et al., 2004, Lynd et al., 2002). The end product inhibition 
hampered the enzymes from further reaction (Figure 6.1) but the disruption process 
continued throughout the incubation period (Table 6.1).
In the event of accumulation of the end products in the medium, the enzymes would be 
inhibited thereby not producing further simple sugars which otherwise could be used by 
any neighbouring organism. Therefore, the fungus seems to have developed an excellent 
mechanism of preparing the substrate in advance for its future attack while making sure 
somehow that it is un-attackable by other organisms.
Figure 6.2: Disruption o f  the Whatman N o. 1 filter paper by (1) 
the culture filtrate o f  T. reesei (CF), and the CF containing (2) 
0.5 M glucose, or (3) 0.25 M cellobiose. The controls contained 
(4) 20 mM Acetate buffer pH 4.9, and the buffer containing (5) 
0.5 M  glucose, and (6) 0.25 M cellobiose.
6.4 ENZYMATIC HYDROLYSIS OF THE PRETREATED AVICEL
Various sized particles obtained after the pretreatment with culture filtrate followed by 
washing with RO water were incubated for 24 hours with the fresh culture filtrate of T. 
reesei in order to evaluate the effect of particle size on the enzymatic hydrolysis. Release 
of reducing sugars from the Avicel was used as a means of monitoring the extent of 
hydrolysis. To make sure that there were no reducing sugars already present in the 
culture filtrate, it was tested with the DNS assay for the presence of reducing sugars. The 
culture filtrates were found to be free of reducing sugar indicating that all of the sugars 
had already been taken up the growing hyphae.
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6.4.1 Amorphous regions could be the first to be attacked
Upon incubation of the pretreated Avicel with the fresh culture filtrate of T. reesei, 
significantly more reducing sugars were liberated from the untreated Avicel than from 
the 1-hour pretreated Avicel (Figure 6.3). In case of 1-hour pretreatment, most of the very 
small readily hydrolysable particles were likely to be already hydrolysed during the 
pretreatment step (while those small particles were still present in the untreated Avicel). 
Hence, more reducing sugars were liberated from the untreated Avicel than from the 1 
hour pretreated sample.
In addition the amorphous regions in cellulose structure were the first to be attacked by 
the cellulolytic enzymes (Lynd et al., 2002). Cleavage of ^-linkages in the amorphous 
region resulted in exposure of more reducing ends which would be prone to attack by 
exoglucanases. There were likely to be more easily accessible amorphous regions in the 
untreated Avicel than in the 1 hour pretreated sample. This occured because some of the 
easily accessible regions would be attacked and hydrolyzed during the 1 hour 
pretreatment. Hydrolysis of those easily accessible amorphous regions contributed its 
part in the liberation of higher levels of reducing sugars from the untreated Avicel.
If this was the case, the crystallinity of the cellulose should increase as the time 
progresses during its enzymatic hydrolysis because of the preferential hydrolysis of the 
amorphous regions. The crystallinity index was not calculated in the current study but 
there have been contradictory results in previous studies regarding increase of 
crystallinity with the progress of cellulose hydrolysis (Zhang and Lynd, 2004). 
According to current knowledge, it is not possible to precisely predict the role of 
crystallinity in cellulose hydrolysis (Zhang and Lynd, 2004).
6.4.2 Unveiling of more attackable sites during the cellulose disruption
The amount of the reducing sugars released from the 1 hour to 10 hour pretreated Avicel 
was greater for the Avicel particles pretreated for a longer time. In other words more 
reducing sugars were released from the smaller particles (Fig 6.3).
It is hypothesized that more amorphous regions were unveiled as the structure of 
cellulose was disrupted. The number and degree of the amorphous regions within 
cellulose particles could vary. The ratio of the amorphous to crystalline regions in any
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particle could decrease as it is hydrolysed, but as more and more particles were broken 
down into smaller ones the overall amount of amorphous regions in the reaction mixture 
could be increasing to a certain level.
Thus, the break down of large Avicel particles into small ones could have exposed 
overall more amorphous sites in case of Avicel pretreated for longer time. Hence, the 
enzymes had more attackable sites in case of Avicel pretreated for longer time. It could 
also be the result of more surface area exposed to the enzymes in cases of Avicel 
resulting from the longer pretreatment.
B 5.5
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Fig. 6.3: Release o f  reducing sugars, after 24hrs o f  incubation with T. reesei culture filtrate at 37°C from 
Avicel that had been pretreated with the culture filtrate o f  T. reesei for the time shown. The error bars 
indicate the standard deviation o f  the means based on three replicas.
It appears that as the particles were disrupted, new attackable regions were being exposed 
during the pretreatment step. However, hydrolysis of 24 hour pretreated Avicel resulted 
in less reducing sugars released during its incubation with the culture filtrate as compared 
to the other pretreated Avicel (Figure 6.3). This is not in contradiction with the above 
discussion. It could be explained because most of the exposed sites had already been 
attacked and thus hydrolysed during the 24 hour pretreatment step leaving behind only 
the sites more resistant to the enzymatic hydrolysis.
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6.4.3 Utilization of attackable site in extended incubations
In line with the above results, more reducing sugar was released from larger particles of 
Avicel than from the smaller ones when the incubation time was extended to 96 hours 
(Figure 6.4). The same batches of the pretreated Avicel as used in the case of Figure 6.3 
were used for 96 hours incubation with the culture filtrate of T. reesei. This sufficiency 
of exposure time could have given the opportunity to the enzymes in each of the reaction 
mixture to explore as much as possible for the attackable sites through the particles. As 
more potential amorphous sites were still present inside the larger particles, they were 
reached and thus hydrolysed by the cellulases during the 96 hours incubation.
More reducing sugars were released from the Avicel particles pretreated for shorter time 
(Figure 6.4). One of the possible explanations was that more of the possible attackable 
sites were still present in the larger particles pretreated for less time, while more 
attackable sites were already hydrolyzed during the longer pretreatment incubations.
18 i
Fig. 6.4: Release o f  
reducing sugars, after 
96hrs o f  incubation with 
7. reesei culture filtrate 
at 37°C from Avicel that 
had been pretreated with 
the culture filtrate o f  T. 
reesei for the time 
shown. The error bars 
indicate the standard 
deviation o f  the means 
based on three replicas.
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6.5 HYDROLYSIS OF THE PRETREATED AVICEL BY THE CULTURE 
FILTRATE OF M. Verrucaria
An important question arises here that whether the attackable regions exposed as a result 
of the disruption of Avicel (cellulose) by the culture filtrates of T. reesei were accessible 
to other cellulolytic systems or not. The culture filtrate of M. verrucaria showed no 
preferential attack on Avicel of different particle sizes (Figure 6.5).
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No significant difference was observed in the release of the reducing sugars from the 
Avicel by the culture filtrate of M. verrucaria in case of all of the different pre­
treatments. The substrate Avicel was disrupted by the culture filtrate of T. reesei during 
the pretreatment steps. As discussed above, the disruption opened up new attackable sites 
for the enzymatic attack by the cellulases of T. reesei. T. reesei may somehow protect its 
degraded substrate from being utilized by other scavengers to survive successfully in 
nature. Perhaps that is why the disrupted cellulose was not equally attackable by the 
cellulases of M. verrucaria. However, this observation raises further questions: Is 
fragmentation really the initial step in cellulose hydrolysis, if not then why is this activity 
so profound in one of the nature’s most powerful cellulolytic systems. If it is the initial 
step how does T. reesei protect its fragmented cellulose from being attacked by others? 
Also, it would be interesting to see if these findings are true for the other cellulolytic 
systems.
0 .5  -I
Ohr 5hr 10hr 24hr
Pretreatment time
Fig. 6.5: : Release o f  reducing sugars from Avicel that had been pre-treated with the culture filtrate o f  T. 
reesei for the time shown after 24h o f  incubation with the culture filtrate o f  M. verrucaria at 37°C. The 
error bars indicate the standard deviation o f  the means based on three replicas.
6.6 CONCLUSIONS
It is well established that cellulose is composed of amorphous and crystalline regions 
(Teeri 1997). Our results support the hypothesis that cellulases first attack exposed 
amorphous regions (Olsson et al., 2004). Hydrolysis of amorphous regions resulted in 
disruption of cellulose structure exposing a larger surface area of cellulose to the
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cellulose system of T. reesei. In addition it also opened up more attackable sites for the 
cellulolytic enzymes.
These results strengthened the idea that T. reesei disrupted cellulose in order to gain 
access to the more attackable regions. Once it had explored the substrate for the 
amorphous or accessible regions then it started attacking on the left over small sized 
particles. Those left over particles were believed to be the most crystalline structure.
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7.1 CONCLUSIONS
T reesei had a mechanism to disrupt cellulose distinct from enzymatic hydrolysis 
None of the individual cellulase enzymes in the culture filtrate of T. reesei could be 
associated with the disruption of cellulose. This suggests that the two activities were 
distinct from each other. The disruption was still observed to occur even when high 
concentrations of end products of enzymatic hydrolysis were present.
More than one protein took part in the cellulose disruption
T. reesei employed more than one protein to disrupt cellulose. These protein were 
relatively inactive when present alone but started to disrupt cellulose when brought 
together. It was not clear at that stage whether some of those proteins acted as inducers 
for some others or not, or if those proteins part of the conventional cellulase enzyme 
system.
Disruption o f cellulose opened up more attackable sites
Results from the current study supported the view that T. reesei disrupted cellulose in 
order to gain access deeper into the substrate to utilize the easily accessible sites. This 
would result in the most crystalline substrate left behind which could be a tool the fungus 
utilizes in nature to make sure that later scavengers may not feed on its prey.
The disrupted cellulose was not attackable by the other cellulase system tested 
The disruption of cellulose created more attackable sites which helped the cellulases of T. 
reesei to access more sites in the substrate, but the culture filtrate of another fungus, M. 
verrucaria, was still unable to attack the disrupted cellulose. This system of securing its 
substrate could be another surety bond employed by T. reesei against utilization of its 
resources by other cellulolytic organisms in the vicinity.
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7.2 FUTURE RESEARCH 
Identification o f the individual proteins
It has been shown during this work that more than one protein took part in the disruption 
of cellulose by the culture filtrates of T. reesei. Purifying the proteins present in the four 
pools obtained after HIC to homogeneity level could be the next step forward. Peptide 
analysis, i.e., partial sequencing and blasting, of the protein bands in figure 5.12 could be 
a powerful tool to identify the proteins in the bands. Another line of action could be to 
sequence and clone all individual genes. Resulting purified proteins could then be 
combined in all possible combinations to pinpoint the specific proteins taking part in the 
cellulose disruption process.
Comparison o f the ability o f  various factors to disrupt cellulose
As mentioned earlier individual factors such as low molecular weight proteins, CBDs, 
Fenton’s reagent or individual cellulases may exhibit disruption of cellulose, but the 
extent of the disruption could be far greater when various factors act together. Further 
work is needed to compare disruption of cellulose by various individual factors with that 
resulting from the combined action of various proteins as noticed during the current 
study.
Studying the natural substrates
It would be interesting to see if similar results could be obtained when natural substrates 
such as wheat straw, wood chips and com cobs etc are used instead of Avicel and filter 
paper. That study will act as a transition between the lab work and the commercial world.
Mode o f action o f the proteins involved in the disruption o f cellulose 
The fungus seems to use disruption of substrate as a mechanism to utilize as much 
substrate as possible before the invasion of other organisms. T. reesei uses more than one 
protein to disrupt cellulose. It is still to be elucidated whether these proteins act 
independently or if some proteins act as activators/inducers of the others. This study will 
be possible once the homogeneously purified proteins becomes available.
An understanding of the complete mechanism of cellulose disruption by T. reesei will 
open up new areas of research to manipulate the mechanism for a better in vitro cellulose 
hydrolysis.
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Mechanism ofprotection o f the disrupted cellulose by T. reesei
The culture filtrates of M. verrucaria were unable to attack the cellulose already 
disrupted by treatment with the culture filtrate of T. reesei (section 6.5). It would be 
interesting to see if the disrupted cellulose is protected from attack by other cellulolytic 
organisms with better cellulolytic abilities. Elucidating the mechanism by which T. reesei 
protects its disrupted product from attack by other organisms may be helpful in making 
enzymatic hydrolysis by cellulases more efficient.
Identification and elucidation o f the role ofpigments in the culture filtrate o f  T. reesei 
Possibility of the presence of iron-reacting compounds in the culture filtrate of T. reesei 
was discussed in section 5.4.7. A greenish yellow pigment was present in the fractions 
thought to be associated with iron-reaction. A deeper look into the nature of compounds 
in those fractions and elucidation of their role may solve some question in disruption of 
cellulose.
Do endoglucanases cut at amorphous region?
According the popular model of cellulose hydrolysis endoglucanases cut the substrate at 
amorphous regions (Lynd et al., 2002). This hypothesis could be tested by excluding the 
endoglucanases from the ‘designer’ mixture of Trichodermal cellulase enzymes and 
monitoring if (a) the rate of cellulose hydrolysis is faster or slower, (b) disruption of 
cellulose still occurs.
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Appendices
Appendix A
Correction of a misconception in the literature regarding the reactivity of DNS
towards reducing sugars
Coward-Kelly et al.. (2003) recently reported that the DNS assay is less sensitive towards 
cellobiose than glucose. The results from the current study with the DNS assay showed 
that in fact the opposite was true. The DNS assay results in a greater absorbance per mole 
of cellobiose (and other disaccharides) than glucose (and other monosaccharides).
In order to clarify this discrepancy, we treated different monosaccharides (galactose, 
glucose and fructose) and disaccharides (cellobiose, lactose and maltose) with DNS 
(figure 1).
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Figure A l:  Variation in the reaction o f  DNS with monosaccharides (galactose, glucose and fructose) and 
disaccharides (cellobiose, lactose and maltose).
The concept that DNS is less sensitive towards cellobiose than glucose (Coward-Kelly et 
al. 2003) was the result of making sugar solution in mg/ml concentrations. Cellobiose, 
being a dimer of glucose, contains less number of molecules (thus less reducing groups) 
as compared to glucose of the same weight. That is why DNS appeared less sensitive 
towards it than towards glucose. Figure 2 depicts this observation where sugar solutions 
were made in terms of mg/ml.
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Figure A2: Reaction o f  DNS with equal amounts, by weight, o f  glucose and cellobiose.
When equimolar quantities of both of the reducing sugars were used there were equal 
number of reducing groups present in the solution. Ideally, the graphs for both of the 
sugars should coincide. But, a significantly greater slope was observed for cellobiose 
than glucose (figure 3).
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Figure A3: The reaction o f  DNS with equimolar quantities o f  glucose and cellobiose.
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From these results the conclusion can be drawn that either the cellobiose molecule gives 
a stronger colour reaction with DNS or is hydrolysed to some extent under the influence 
of DNS reagent. Miller (1959) has pointed out earlier that some of the reducing sugars 
are hydrolysed during the assay. To test the two hypotheses we tried two other 
disaccharides, maltose and lactose. The results in Figure 3 show DNS consistently gives 
greater colour with disaccharides than monosaccharides. As the monomers and bonding 
in these disaccharides are different it is improbable that each disaccharide is partially 
hydrolysed during the assay to exactly the same extent. Interpretation of the results is 
somewhat complicated by the observation that the monosaccharides fructose and 
galactose gave a lower colour reaction than glucose, p=0.05 (Figure 3). As Fructose is a 
ketose this difference in behaviour could have been the result of different functional 
groups. However the reaction of galactose, an aldose, resembled to that of fructose 
instead of glucose (Figure 3). These findings suggest that colour formation with DNS and 
reducing sugars is not exclusively due to reduction of DNS to ANS (the first hypothesis). 
This opinion is supported by the fact that there are small but significant differences in the 
absorbance spectra of the reaction products of different sugars with DNS (not shown) 
and that these differed to the spectrum of pure ANS published by Hostettler et al (1951). 
So, Miller's (1959) concern is still valid that "...different sugars yield different amounts 
of colour suggest that the chemistry of the test may actually be appreciably more 
complicated".
It is clear from the above discussion that elucidation of the true mechanism of action of 
DNS with reducing sugars and understanding the difference in its behaviour could help 
developing a better detection system for reducing sugars.
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Shift in pH and Oxygen concentration of the growth media
Final pH and Oxygen concentrations in the growth media were measured immediately 
upon termination of the culture growth. pH was observed to decrease towards acidic 
range in the cultures of the two fungi, T. reesei and T. spiralis, while it was raised in case 
of A. niger and M. verrucaria. The final Oxygen concentration was greater in the media 
when the cultures were grown under static conditions, except that in case of T. spiralis. It 
may be attributed to a possible higher metabolic activity in shaken flasks resulting in 
more consumption of Oxygen. It is worth noting that the Oxygen concentration raised up 
to 90 % to 100 % soon after the termination of incubation.
Table B -l:  Final pH and Oxygen concentration o f  the growth media for the four fungi grown in the 
V ogel’s medium at 30 °C under various conditions. ______________ ________________
Culture Flask
size
Condition Final pH Final O2 
(%)
Control 500ml
Static 5.75 ± 0.06 84.67 ± 1.53
150rpm 5.85 ± 0 .0 5 86.00 ± 1.00
250ml
Static 5.85 ± 0 .0 7 86.67 ± 2 .5 2
150rpm 5.85 ± 0 .0 8 95.67 ± 1.53
M.
verrucaria
500ml
Static 6.73 ± 0.26 60.33 ± 1.53
150rpm 7.10 ± 0 .2 2 20.33 ± 0 .5 8
250ml
Static 6.80 ± 0 .2 7 76.67 ± 0 .5 8
150rpm 7.19 ± 0 .31 26.67 ± 1.15
T. spiralis
500ml
Static 4.25 ± 0.16 70.00 ± 1.00
150rpm 4.00 ±0.12 82.00 ±1.00
250ml
Static 4.25 ±0.11 54.00 ±2.00
150rpm 3.97 ±0.10 80.67 ± 2.08
T. reesei 500ml
Static 4.00 ± 0.08 63.33 ± 0 .5 8
150rpm 6.35 ± 0 .0 7 12.67 ± 2 .0 8
250ml
Static 3.95 ± 0 .0 6 64.67 ± 1.53
150rpm 6.40 ± 0.09 40.33 ± 1.53
A. niger 500ml
Static 6.52 ±0.19 96.00 ± 1.78
150rpm 6.72 ± 0 .1 4 02.33 ± 0 .5 8
250ml
Static 6.35 ± 0 .1 7 99.33 ± 0 .5 8
150rpm 6.54 ±0.11 04.33 ± 0 .5 8
Initial pH o f  the Media: 5.90
Initial relative Oxygen concentration o f  the media: 250ml flasks = 88%, 
500ml flasks =  97%
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Degradation of cellulose by co-cultures
One of the early interests during the current study was to investigate the synergism 
between various cellulase systems. The action line was set in the light of the hypothesis 
that there was one or more limiting factor in the culture filtrates of the fungi which were 
inefficient in degrading cellulose. It was also hypothesized that a synergism between the 
culture filtrates could improve the cellulolytic efficiency of the culture filtrate of T. 
reesei.
In one experiment, the four fungi were grown in Vogel’s medium supplemented with 
Avicel as the sole carbon source. The medium was inoculated in triplicate in 50 ml flasks 
by 107 spores of each of the four individual fungi and by the same number of spores of 
each fungus in the various possible combinations as shown in figure C-l.
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Figure C -l: Liberation o f  reducing sugars from Avicel (Avicelase activity) by the individual culture 
filtrates o f  the four fungi and the culture filtrates o f  the various combinations o f  the co-cultures. Sterile RO 
water was used instead o f  a fungal inoculum in case o f  control. The error bars represent the standard error 
o f  mean. TR: Trichoderma reesei; MV: Myrothecium verrucaria; TS: Trichoris spiralis; AN: Aspergillus 
niger.
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The highest levels of cellulase (Avicelase) activity were observed when T. reesei was 
present in the reaction medium either as the pure culture or when present in combination 
with M. verrucaria or A. niger. But, interestingly the activity was suppressed when the 
fungus was grown in combination with T. spiralis. The activity was also profoundly 
decreased when the spores of more than two fungi were present in the culture medium, 
no mater whether T. reesei was present or not.
In another experiment, individually cultured filtrates of the four fungi were mixed, in 
equal volumes, in various possible combinations (figure C-2). The culture filtrate of T. 
reesei was again the best cellulolytic fungus. But, in this case the reaction mixtures 
containing the culture filtrate of T. reesei invariably had the statistically comparable 
cellulase activity.
These results showed that there was a competition between the fungi when grown 
together in the same culture medium (figure C-l) which can be a mechanism in nature to 
prevent the excess release of hydrolysis products in the medium. These results need 
further rigorous investigation in order to understand the role of competition in 
cellulolytic activity. It would be interesting to see how much protein is liberated by each 
fungus in co-cultures as compared to individual cultures.
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Figure C-2: Liberation o f  reducing sugars from Avicel (Avicelase activity) by the individual culture 
filtrates o f  the four fungi and the mixtures o f the four culture filtrates in various combinations. Sterile RO 
water was used instead o f  a fungal inoculum in case o f  control. The error bars represent the standard error 
o f  mean. TR: Trichoderma reesei', MV: Myrothecium verrucaria', TS: Trichoris spiralis', AN: Aspergillus 
niger.
131
Appendices
Similar results were obtained when finely ground wheat straw was used as the substrate 
in cellulase assay instead of Avicel (figure C-3). Surprisingly, less reducing sugars were 
released from the wheat straw by T. reesei as compared to Avicel, while T. spiralis and 
M. verrucaria showed slightly improved results in case of wheat straw.
It is worth noting that the combination TR+TS released as much reducing sugars from 
wheat straw as released by TR alone, although the concentration of the culture filtrate, 
and hence cellulases, was reduced to half in the combination. It was not further 
investigated whether it was a synergistic effect of the presence of the culture filtrate of T. 
spiralis or if 1.5 micro gramme reducing sugars were limiting further reaction by the 
cellulases of T. reesei. The substrate was different in this experiment as compared to that 
used in figure C-l and C-2, but, trichodermal cellulases were able to release about 5 pg 
of reducing sugars from Avicel. Hence, it was likely the case of synergism between the 
two culture filtrates when attacking a natural substrate, wheat straw.
2 -,
1.8 -
Control TR TS MV TR+TS TS+MV
Figure C-3: Liberation o f  reducing sugars from finely ground wheat straw by the culture filtrates o f  TR 
{Trichoderma reesei), MV {Myrothecium verrucaria) and TS {Trichoris spiralis) and the combinations 
shown. The culture filtrates were mixed in 50:50 (v/v) ratio when used in combination.
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Oral presentation at the 13th International Biodeterioration and Biodégradation 
Symposium (IBBS-13), Madrid, Spain. 4-9 September 2005.
Role of fragmentation activity in cellulose hydrolysis 
Philip Whitney and Abdul Saqib
Abstract
Despite its abundance, the use of cellulose as a source of sugars is very limited. Once 
achieved economically, this process could be the basis of future sustainable energies. 
Few organisms produce cellulases, which act only slowly. Most studies have been carried 
on three components of the cellulolytic systems, viz, endoglucanases, exoglucanases and 
cellobiases. Little attention has been paid to the fragmentation activity of certain 
cellulolytic systems. We have noticed that despite being more powerful towards 
degrading modified cellulose, the culture filtrate of Myrothecium verrucaria is less 
efficient towards pure cellulose as compared to the culture filtrate of Trichoderma reesei. 
SEM imaging showed that one distinguishing feature of the later is its ability to macerate 
the cellulose. Cellulose particle size was decreased with time as it was incubated in the 
culture filtrate of T. reesei at 37°C. Different particle sized cellulose was obtained by 
incubation of cellulose with T. reesei culture filtrate for different lengths of time (pre­
treatment). Pre-treated cellulose was then incubated with fresh T. reesei culture filtrate. 
Cellulose hydrolysis (liberation of reducing sugars) was faster with small particles (pre­
treated for 0-10hrs) but slower for the smallest particles (pre-treated for 24hrs). However, 
upon extension of incubation to 96hrs, the hydrolysis of cellulose was greater with the 
larger particle size (pre-treatment 0-10hrs). It was hypothesized that fragmentation 
activity of the pre-treatment opens up attack sites for other enzymes.
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Oral presentation at the 29th Society for Industrial Microbiolog (SIM) symposium 
on Biotechnology for Fuels and Chemicals. Denver, Co. (USA), 29 April -  02 May
2007
More than one protein takes part in the separation of cellulose fibers 
during the enzymatic degradation of cellulose by Trichoderma reesei
Abdul Saqib; Philip Whitney; Claudio Avignone-Rossa and Michael Bushell 
Abstract
Cellulases are important enzymes in many industrial processes such as production of 
biofuels from the cellulosic materials. They liberate glucose units from the polymer 
cellulose. Cellulose is mostly crystalline in nature. It is believed that the microorganisms 
which are adept at enzymatic degradation of cellulose break the barrier of crystallinity 
by separating apart the otherwise tightly packed cellulose fibrils. Understanding the 
exact mechanism of this step in the enzymatic hydrolysis of cellulose is still in its 
infancy. When elucidated, it could be used to enhance the enzymatic degradation of 
cellulose.
We have found out that more than one protein take part in the cellulose fiber-separation 
process by the culture filtrate of the fungus Trichoderma reesei. The culture filtrate of T. 
reesei was fractionated by gel filtration, ion-exchange chromatography and hydrophobic 
interaction chromatography. SDS-PAGE was used to monitor the extent and nature of 
the purification. Of the four protein peaks resolved after the final purification step, none 
could breakdown the cellulose as shown by filter paper degradation assay, although their 
mixture could. The results were further confirmed by scanning electron microscopy and 
particle size analysis. This shows that the activity was the result of interaction of 
different components of the culture filtrate rather than the effect of a previously 
undetected component.
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Appendix F
Some interesting web links
The EU cellulase project:
http://xrav.bmc.uu.se/markh/cbh/
European Bioenergy Network of Excellence (NoE)
http://www.bioenergy-noe.org/
US Department of Energy’s biofuel website:
http://permanent.access.gpo.gov/websites/www.ott.doe.gov/biofuels/cellulase.html
Biomass research at the NREL, USA:
http://www.nrel.gov/biomass/
Animation showing the mode of action of CBHs:
http://xrav.bmc.uu.se/cgi-
bin/image page.pl?image=markh/notes/howto/molrav images/mp35 cpk zoom 400.gif
A video demonstration of bioethanol production from the lignocellulosic biomass: 
http://www.nrel.gov/leaming/re biofuels.html
Biofuel pilot plant at NREL:
http://www.nrel.gov/docs/fV00osti/28397.pdf
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